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TITANIUM MATRIX/CONTINUOUS FIBER COMPOSITE INTERFACE
INTERACTIONS AND THEIR INFLUENCE ON MECHANICAL PROPERTIES

I. Introduction

Filamentary metal-matrix composites have generated a considerable
amount of interest in the materials field because of their potential
applications in dynamic structures. A metal matrix composite system
(MMC) carries certain distinct advantages over other composite systems.
High strength, modulus, toughness, surface durability, and low notch
sensitivity are just a few of these potential advantages over other
composite systems.

Titanium metal matrix composites are attractive for applications
requiring a stronger matrix and higher temperature capability than
other metal matrix composites. Applications requiring high stiffness
and low weight in the 450-800 °K temperature range will benefit from
the development of titanium matrix composites.

In the research reported on here, various experiments and analyses
were done to study the effects of temperature and other environments
on the interfaces and the mechanical properties of the titanium
metal matrix composites reinforced with SiC, Borsic or B4C/B fibers.
Specimens of longitudinal and transverse fiber orientation as well
as mixed mode orientations were used in the mechanical tests.

The mechanical properties studied are mixed mode loading residual
strength after thermal and thermal fatigue exposure and fatigue
crack growth under Mode I and Mixed Mode loading after thermal treat-

ment and in various gaseous environments. The condition of the
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matrix fiber interface as a function of the above tfeatments is
characterized with both Scanning Auger Microscopy (SAM), Transmission
Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM).

The fiber interface chemistries were modified by thermal treatment

in oxygen and sulfur bearing environments, under isothermal and

thermal fatigue conditions.

The composite materials used in this investigation are Ti-6A1-4V
metal matrix reinforced with about 40 V%, Borsic, B4C/B or SiC fila-
ments. Materials were obtained in the form of sheet panels through
the Air Force Materials Laboratory. The composite panel was cut

by electric-discharge-machine (EDM) into specimens.

II. Results and Discussion

The results obtained during this research are given in great
detail in Appendices A-1, most of which are copies of reprints or
preprints of published papers. In this part of the report the key
observations will be summarized and the reader will be referred
to the appendices for the details. Appendices A-D focus on the
nature of mixed mode crack propagation. Appendices E and F describe
fatigue crack growth and thermal fatigue effects on the composites.
Appendix G details the experimental results of interface diffusion
studies and the two-dimensional diffusion analysis. Appendix H
is a thermodynamic approach to interface cohesion as influenced
by segregation. Appendix I shows the results of TEM analysis of
the interfaces of the Ti-MMC.

A. Mixed Mode Crack Growth

In the continuous fiber metal matrix composites there are two
primary directions, the longitudinal parallel to the fiber and the
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transverse normal to the fiber. Of more general interest is how
l! a crack will propagate when the fibers are loaded at an arbitrary
) angle to the load axis, commonly identified as mixed mode loading.
o Appendices A-C describe a series of experiments on the mixed mode
- fracture of the Ti-6A1-4V MMC with SiC, Borsic and B4C/B fibers.
‘ -Both fracture and fatigue crack growth measurements were made on

the as-received composites and on samples isothermally and thermal-

fatigued in air, sulfur and vacuum environments. For monotonically
loaded fracture specimens, the crack propagated in a self-similar
. manner from 0° to 45° and normal to the fiber for 60° and above.
ré The fracture stress was very dependent on the method of crack propaga-
= tion. The cracks that propagated normal to the fiber showed the
) maximum failure stress and those that propagated in a self-similar
!' manner the lowest fracture energy. This corresponds to interface
- failure combined with fiber splitting.
:§ The impact of thermal treatments that result in oxygen or sulfur
[ at the interface on the fracture behavior is a severe degradation
B of the longitudinal fracture strength. This is basically due to
éﬁ the setting of notches at the fiber. Only a limited amount of reduc-
- tion in fracture stress occurs in the cracking that is self-similar
:i including the transverse strength. This is due to the majority
e of the transverse strength comes from the matrix. A simple model
- of the fibers as holes gives support to this explanation. The frac-
i&. . ture stress when occurring in a self-similar manner can be aporoximated
| by the strain energy release at fracture model in an orthotropic
t: material given by Gp=Gy+Gyy. Gy and Gy are the strain energy release o
= components under mode I and mode II loading. §§tj
T
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The model was extended further into the fatigue crack growth

behavior. The fatigue crack growth was found to follow the form

da/dN o (AG/GF)M

when propagation was self-similar. aG=aGr+aGIp.

The above did not explain the modification in the growth rate
when a gaseous environment was present during the fatigue crack
growth. Humid environments tended to increase the crack growth
rate. The fatigue crack growth rate increased as one went from
longitudinal loading to transverse loading. In each case humid
air showed an increase in crack growth rate when compared to tests
in vacuum.

A significant problem was associated with separating the relative
importance of interface fai]ure and fiber splitting on the crack
growth rate. Prior thermal treatment, gaseous environments and
load ratio all impact the fatigue crack growth rate. What is clear
is that mixed mode fracture and fatigue crack growth is a complex
phenomenon strongly affected by mechanical, metallurgical and environ-
mental parameters. Any model must be used carefully due to the
uncertainty in the interfaces, the K calibration, and the interactions
with the environment. The reader is referred to Appendices A-D
for the details of the results of the mixed mode fracture studies

in the Ti MMC.




B. Thermal Fatigque and Fatigue Crack Growth

One of the potential applications of Ti MMC is for use at elevated
temperatures, as high as 550°C. Usually involved in the applications
are thermal excursions that can lead to extreme thermal fatigue
problems that arise due to the mismatch in coefficients of thermal
‘expansion between the fiber and the matrix. Appendices D-F discuss
the influence of the thermal cycling on the ambient fatigue crack
growth behavior. The fatigue crack growth studies were run in vacuum,
humid air and hydrogen environments. The thermal cycling was done
in vacuum, air and a sulfur environment. The influence of the environ-
ment on the interface was established with the SEM and AES. The
fractography results showed that the oxygen and sulfur diffusion
down the interface produced a brittle layer that split and degraded
the longitudinal properties. A much thicker layer of both the oxide
and the sulfide was observed when thermal fatigued then under isother-
mal aging for the same elevated temperature exposure. The impact
on the fracture properties of the interface phases shows that thermal
fatigue was much more damaging than isothermal exposure.

The Hz and Hp0 gaseous environmental effect was most pronounced
when the sulfur rich layer was present. This is explained in terms
of the hydrogen-sulfur interactions reducing the cohesive energy
normal to the interface. Dry hydrogen is not as a severe an embrittler
in terms of the fatigue crack growth as the humid air, but does
increase crack growth rate when compared to dry N2 or vacuum air.

The details of these experiments are in Appendices D-F.

Additional studies trying to uniquely separate out interface

from fiber splitting impact on fatigue crack growth were done.
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SEM fractography of matching sides of the fracture surfaces were
studied. What was observed is that the correlations found between
the fatigue crack mode of failure and the other controlled variables,
and reported in the Appendices, contained a large statistical varia-
tion. Much of this is due to the influence of the Mode III component
-that is applied during an unloading cycle in the thin plate material
used. Other contributions come from the variability of the local
notch effects from the interface region and the variability in both
interface strength and the transverse fracture strength of the fibers.

C. Interface Diffusion

In an attempt to quantify the diffusion of both oxygen and
sulfur from the environment down the interface between the Ti-6A1-4V
matrix and the fibers a series of diffusion experiments were run.

In addition a 2-dimensional analysis of the diffusion down the inter-
face and normal to the interface was performed. Included are results

of the interface modifications due to thermal cycling treatments

between room temperature and 550°C and isothermal treatments at
550°C in gaseous sulfur and air environments. The interaction between

the sulfur environment and the titanium MMC (Ti-6A1-4V/SiC and B4C/B)

fiber interfaces was evaluated in terms of interface diffusion.
The diffusion down the interface was enhanced under the thermal
cycling conditions. The 550°C sulfur interface diffusion coefficient
was found to be 5x10-9 cmZ/sec for the SiC composites and 7x10-9
cmZ/sec for the interface diffusion in B4C/B composites.

In addition to the diffusion down the interface, diffusion

into the matrix was studied with combined scanning Auger microscopy
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‘ and inert ion sputtering. The rapid diffusion down the boundary
L was separated from the slow diffusion into the bulk resulting in
two one-dimensional analyses. The sulfur diffusion down the interface
; was much larger than that into the bulk, a 10% difference in diffusion
* distance.

- The details of the study are presented in Appendix G.

ﬁ D. Interface Decohesion and Impurity Elements
As part of a broad base nonequilibrium thermodynamic analysis

& of the irfluence of segregating impurity elements on the fracture

3 behavior of interfaces, Appendix H, the MMC composites were analyzed.
in this limited model of MMC, the assumption was that impurity segre-
gation was only from the matrix. A strong case can be made for

this due to limited solubility of many elements in the fibers.

In the Ti MMC this is particularly true for the Cl1 and S impurities
originating in the Ti matrix. With this and several other assumptions
a calculable impact on the fracture behavior of segregation is possible
for the composites. The data reported in Appendix H is for grain
boundary segregation in a series of steels alloyed to test the predic-
tions of the model. For these systems the model correlates to a

high degree with the observed results.

E. TEM of Ti MMC Interfaces

In order to determine the crystallography of the interface
phases samples of the Ti MMC were ion thinned to produce thin foils
of the interfaces of the various systems for TEM, STEM and EELS
analysis. The detailed results including the sputter parameters

are reported in Appendix I.
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In the as-received Ti-6A1-4V/SiC specimens, Ti0, TiC and Ti07

E
! were identified. For samples thermal cycling in a sulfur environment
{ TiS2 was the sulfide identified.

)

g Ti0 and TiB2 were found in the B4C/B fiber containing composite.
¥ A more detailed analysis was done on the Borsic/Ti composite.

-In this system combined TEM and EELS analyses across the interface

were performed. The SiC in_the Borsic is found next to the boron

and TiC at the metal interface. The Ti must have reduced the SiC

to produce the TiC. The chemistry starting from the boron fiber
and going away from the fiber gave boron followed by silicon and
carbon, followed by titanium, carbon and silicon and then into the

titanium matrix. These analyses show how complex the interfaces

are and the many layers that could act as the lowest cohesive energy

fracture path. The results presented here are not complete and

only give an indication of how complex the interface is.

III. Summary

Research on the influence of the interface on the mechanical

properties of Ti-6A1-4V metal matrix composites (MMC) containing
Borsic, SiC and B4C/B continuous fibers is reported. The potential

high temperature application of the Ti MMC was the basis for thermal

fatigue experiments.

The mechanical measurements included monotonic and cyclic mixed

mode testing. In the testing it is found that the crack follows

the matrix/fiber interface for angles from transverse loading up

to about 45° and propagates normal to the fiber for higher angles

-------------------------

~
~
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and longitudinal loading. This leads to properties that are bimodal
!! in behavior, poor in the first case and higher in the second case.
2 Degradation of the interfaces modified by thermal cycling has a

much larger effect on the longitudinal properties. The transverse

properties are dominated by the matrix properties. Hz0 and Hp gaseous

‘environments increase the room temperature fatigue crack growth

rate for all the materials in all conditions tested.

An analysis of diffusion down the interface and into the matrix

is described and data presented for both thermal fatigue and isothermal

treatments. The interface diffusion is about 105 greater than the

coupled diffusion into the matrix.

TEM, EELS and AES results show the interfaces in the Ti MMC

to contain very complex chemical, crystallographic and morphological

features that are modified by exposure to humidity or a sulfur bearing

environment.

In addition segregation to the interface and its effect on

the cohesive energy was analyzed with a non-equilibrium thermodynamics

mode].
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MIXED MODE CRACK PROPAGATION IN CONTINUOUS FIBER METAL MATRIX ~;‘
COMPOSITES o
D. S. Mahulikar, Y. H. Park and H. L. Marcus ?E
Department of Mechanical Engineering and Materials Science 35

and Engineering, The University of Texas at Austin gy

N

ABSTRACT .o
Metal Matrix Composites are characterized by heterogeneity, ‘f&
anisotropy and interfaces. During Mode I loading a propagating R
crack entering the brittle interfacial region around the fiber o]
can experience a mixed mode loading condition if the crack —aq
grows around the fiber. The weak interfaces can significantly ~
influence the mixed mode crack propagation behavior of the com- i
posites. It is thus essential to consider the interfaces as o

well as the stress state around the crack tip in order to study
the mixed mode behavior of the Metal Matrix Composites. These
effects are discussed in this paper on the basis of microscopic
observations. A brief review of mixed mode cracking in this
type of composite is also presented.

INTRODUCTION

Continuous fiber metal matrix composites have generated a
considerable amount of interest in the materials field because
of their potential application in the dynamic structures. A
Metal Matrix Composite system (MMC) in general consists of a
high modulus reinforcement (e.g. fibers) incorporated in a
compatible metal matrix. The MMC carries some distinct advan-
tages over the resin-matrix composite system and the monolithic

materials. These advantages include: high strength, high —
modulus, toughness and impact properties, excellent reproduci- s
bility of properties, surface durability, relatively low notch e
sensitivity, and low sensitivity to changes in temperature. W
They also exhibit better transverse properties than the resin- o

matrix composites. [1] ] Y

However, the MMCs are characterized by heterogeneity, aniso- -
tropy and interfaces. Due to the high temperatures involved
during the fabrication of the MMCs, the fibers tend to react N
with the metal matrix forming interfaces and reaction zones (2]. o]
The chemistry and thickness of these interfaces is dependent g
on the matrix-reinforcement properties. [2] 1Interfaces in
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general are the weak links in the composite system. It is
observed. therefore, that many of the mechanical properties,
including off-axis properties, are highly interface dependent (3].

In Ti~-matrix/coated boron fibers or SiC fibers MMC system, for

example, a reaction zone is formed at the fiber/matrix interface
during fabrication. The mechanical properties of this system
are known to depend on the chemistry and the thickness of the
reaction zone.[4]. Because of the formation of brittle oxides
and carbides at the interfaces of Ti and the fibers, these zones
provide fracture initiation or propagation sites. Thus it is
expected that propagation of a crack in such composites is not
only the function of stress state around the crack tip, but also
the nature of the fiber/matrix interface.

When loaded in tension, there are various ways in which a
MMC can fail. Fracture modes of a filamentary composite in
general are described in [5]. Those related to a brittle
fiber/ductile matrix system apply to the MMCs. The more impor-
tant ones include: fiber pull out, crack bridging, microcracks
in matrix, fiber failure, interface debonding,matrix failure,
etc. Since there are so many ways by which a MMC can fail, it
would be difficult to have a single model which predicts its
fracture behavior. In addition, the type of loading involved,
and the stresses it generates at the macro as well as micro
level become very important parameters. On a macro scale the
loading can either be a single mode (mode I for example) or a
mixed mode. For MMCs, mixed mode loading analysis is more perti-
nent for various reasons. Firstly, the off-axis strength of
these composites is an important parameter in the design. Off-
axis loading involves a mixed mode analysis assuming presence
of flaws. Secondly, due to inherent anisotropy and presence
of defect structures at the fiber/matrix interfaces, the flaws
do not tend to propagate in a self-sirmilar manner. Any change
in direction of crack propagation will involve a mixed mode
loading at the micro level around the crack tip. Finally,
when a propagating flaw goes around the fiber, it experiences
a mixed mode loading. These three cases are shown in Fig. 1
(a, band ¢). 1In cases 1(a) and 1l(c) mode I and II type of
loading is predominant, whereas in 1(b) mode III type of load~
ing is also present.

Many attempts at modeling the mixed mode crack propagation
in fibrous composites have been made. [5-15]. First attempts
included direct application of the linear elastic fracture
mechanics, by considering the composite a homogeneous orthotropic
linear elastic plate. For .this case, in which cracks are present,
and extend in a direction normal to one of the planes of symmetry,
the stress fields around the crack front were simply separated
into symmetric (mode I) and skew symmetric (mode II) [7,8). The
combined mode analysis consists of superposition of crack tip
stresses given by symmetric and skew symmetric fields. Appli-
cation of strain energy release rate criterion to combined mode
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loading in composites has been attempted [9,10,11] giving a
combined failure criteria,

. Gy + Gyr = Gcritical
8 Where G refers to the strain energy release rate and suffixes
I and II denote the modes of crack extension, The theories,
<. however, are applicable only to self similar orack growth.
They also ignore the inherent heterogeneity of composite mater-
ials and the effect of interfaces,

For non-collinear crack growth several models have been
proposed [12~15]. In these models the main crack is oriented
parallel to the fiber direction. For the mixed mode loading
_ Sih[13,14) introduced a strain energy density concept to deter-
- mine the condition for crack extension and also its direction
in unidirectionally reinforced composites. He also used an
anisotropic elasticity model and a matrix crack propagation
model to obtain critical fracture stresses for different angles
of fiber orientation [14]. Tirosh [15]) recently used energy

. release rate criterion to predict inner matrix path fracture

L and an energy momentum tensor to predict transfibral path
fracture in filamentary composites. He suggests that under
certain consitions of loading branching of crack from inner
matrix path to transfibral path will occur. He also showed
that operationally simple energy release rate criterion shows
good agreement with the experimental data as well as with Sih's

-i models.

Most of these models show excellent agreement with the
o experimental data at angles measured from the load axis which
are greater than 45°, where fracture is predominantly matrix

- dependent. At lower angles, however, due to complex failure
| modes of the fibers, the models show some discrepancies.
N Secondly the initial crack is assumed to be parallel to fiber

orientation. The analysis would be different if the initial
crack was not parallel to the fibers. Finally, the presence
of interfaces should make a considerable difference. Interfaces,
which are usually the weak links in the MMCs, can present the
least resistant paths for crack progation. Thus the crack will
- prefer to propagate along the weakly bonded fibers, and not by
- the path predicted by the above models which neglect presence
of interfaces. This problem is more important to MMCs in
general and Ti-matrix composites in particular. The purpose
" of this paper is to verify the applicability of mechanics
- models to Ti-matrix unidirectional continuous fiber composites,
and establish the role played by the fiber/matrix interface
in the mixed mode crack propagation. Experiments were performed
to obtain the critical stresses at different crack angles for
Ti-matrix composites, for cracks along the fibers. 1In order to
g find the effect of initial crack orientation, experiments were
5‘ done with the initial flaw perpendicular to the tensile load
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and at an angle to the fibers. 1In order to establish the role
of t@e interface, tensile data was obtained for thermally cycled
specimens since thermal cycling is known to degrade the inter-
faces.in MMCs [16,17]. Fractographic studies‘slearly indicate
that interfaces play a significant role in mixed mode crack
propagatlon of Ti-matrix composites. It is therefore su gested
that in the mixed mode analysis of MMCa, hoth interfacia propey=
ties and the mechanics should be censidered, o

EXPERIMENTAL PROCEDURE

Experiments were performed on a Ti-6Al-4V glloy matrix/
B,C-B or SiC fiber MMC system. The fibers are continupus
approximately 150pm diameter fibers. The volume fraction of
fibers in the composite is approximately 0.4. The as received
material was first cut into small specimens of desired orien-
tation (3mm x 30mm) for the Scanning Auger Electron Microscope
(saM) and 10mm x 30mm for fracture studies by an electro-
discharge machine, to minimize the damage during sample prepar-
ation. The Auger samples were then cleaned and fractured
'in situ' in the SAM. A fractures surface is shown in Fig. 2.
SAM studies were then carried cut on the fractured surface.
The Auger profiles of fractured and argon ion sputtered sur-
faces are shown in Fig. 3 for a select point on the matrix
side of the interface. Similar studies were carried out on
thermally fatigued Ti/SiC specimens.

For mixed mode loading experiments, the specimens had
different fiber orientations. For the first set of experi-
ments, the fibers were at an angle of 0, 35, 60 and 90° to
the loading axis. An initial edge notch (2mm) was cut along
the fiber direction. The specimens were then tested in tension
on an Instron machine and the load-displacement curves were
obtained till fracture. The load-displacement curve was
. linear up to the point of fracture. The fracture stresses
were calculated and plotted against the crack angles [Fig. 4].

In the second set of tension experiments; the initial
notches (2mm) were cut perpendicular to the loading axis and
at an angle to the fiber orientation [0°, 30°, 45°, 60°, 90°].
. These specimens were then fractured in tension and the stresses
' were recorded against the angles of fiber orientation with
respect to the notch [Fig. 5]. Fig. 6 shows schematically the
difference in the crack geometry for the two types of experi-
. ments.

In addition, tension specimens were exposed to thermal
fatigque and for comparison isothermally heated at the maximum
temperature for thermal cycling, before notching. The thermal
fatigue specimens were cycled between 40°C and 550°C in three minute
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cycles for as long as 9 days. The isothermal aging was done
at 550°C for as long as 9 days. After the specimens were
no;ched with a 2mm deep crack perpendicular to the loading
axis and fractured in tension. The fracture stresses were
then plotted against the angles [Fig.5]

Fractographic studies were then carried out en all of the
fracgured.specimens. The mixed mode crack propagation was
studied with the help of SEM and optical micrography.

RESULTS AND DISCUSSION

The SAM studies carried out on the in-situ fractured
surfaces of the Ti-matrix composites, indicate that the
fracture path is very close to the fiber side of the reaction
zone. The surface shows presence of brittle compounds such
as TiC, oxides for Ti/siC [Fig. 3] and borides for the Ti/B4C-B.
Chlorine and sulfur impurities that have segregated to the
interface are also present on the fracture surface. After
inert ion sputtering, the impurities and most of the oxide
are removed [Fig. 3b] indicating that the preferred and
probably lowest energy fracture path was on a layer containing
large amounts of brittle compounds and impurities. The fracture
surface [Fig. 2] shows fiber pull out and fiber breakage
indicative of a weak bond at the interface. The SAM studies
on the thermally fatigued Ti/SiC specimens show large amounts
of oxides and almost no carbides, indicating that degradation
of interfaces has resulted in oxide formation.

For the first set of mixed mode tension experiments, where
the initial crack was cut parallel to the fibers, the results
indicate that the fracture stress continuously decreases as
the crack angle B increases [Fig. 4]. The fracture stress
decreases sharply as B varies from 0°to 45°. Fractographic
studies [Fig.7] show that except for 0° and 35° (f=0°does not
have a precrack in it) crack angle, the crack propagates along
the interface self-similarly. For the 0° and 35° crack angles
both fiber fracture and interface failure are observed.

The experimental data is compared to a simple energy re-
lease rate model [15]. 1It's observed that the data fits the
model only for crack angles above 45° when the fracture path
is predominantly in the matrix and interface. At lower angles,
however, additional failure modes are observed which are not
taken into account by the models and the correlation no longer
exists [Fig. 4]. -

A very important factor influencing the fracture path
is the interfacial region. If the crack is aligned along the
fiber direction it follows the interfacial self-similar path
for B greater than 45°. This, however, does not establish the
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gole of the interface in crack propagation. On the other hand,
if the crack were aligned at an angle o to the fiber orienta-
tion, it will propagate along a path influenced by the mechanics
as well as the material properties of the interface. Fig. 6
shows this loading geometry. Hence in the second set of experi-
ments the initial notch was cut perpendicular te the leoed axis
- and at an angle (a) to the fiber orientation, The specimens
. were then tensile tested till fragture and the fracture stresses
were plotted against the angle [Fig. 5] which now is the angle
- between the initial crack orientation and the fiber orientation.
' The sigmoidal shaped curve shows sharp decline of fracture
between 60° and 45°. Below 45°, the curve levels off. Fracto-
graphic studies on the specimens show some interesting charac-
teristics. ([Fig. 8 and 9]. For 0° and 30° angles the crack
propagation is along the fiber direction [Fig. 8] At
45° angle the crack shows an interfacial as well as
- transfibral fracture. [Fig. 8 1. Interfacial splitting is
F combined with transfibral crack propagation for an average
crack propagation direction corresponding to a=30° [Fig. 8].
, Thus it seemed that for Ti-matrix/SiC composites the mixed
E mode crack propagation was influenced by interfaces as well as
the stress state resulting in a crack with large regions of
interface fracture but with a common average angle of fracture.

| (RO

>

If the interface influences the crack propagation, then
that effect will be more dominant if the interface was further
degraded. Thus in the third set of experiments the Ti-/SiC
specimens were thermally fatigued for 9 days between 40°C to
550°C with a cycle of 3 min. Another set of specimens were
isothermally heated at 550°C for 9 days. All the specimens
were notched following the thermal treatment with the notch
normal to the loading direction and then tension tested until
fracture. The data is presented in Fig. 5 along with the base
composite data tested under identical conditions.

|
’

It can be noticed that the sigmoidal curves for both types
of thermal treatments, the change in fracture stress with an
angle is much less than the base composite curves. The angle
at which there is a transition in the fracture stress shows a
shift from that in the baseline data. A considerable drop in
the longitudinal strength is observed, which indicates that
fibers have been degraded by thermal cycling and continuous
heating. However, no significant changes in fracture stress
at lower angles were noticed. This suggests that the transverse
strength has remained the same despite thermal cycling and
continuous heating. This observation may be due to the fact
that the transverse properties are titanum matrix dependent;
and the transverse strength really represents the intrinsic
matrix toughness. A calculation of transverse strength, consid-
ering a hexagonal array of holes in Ti-621-4V matrix, for a fiber
volume fraction of 0.40, gives a stress concentration of approxi-
mately 4 [16). This gives a transverse strength of approximately
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245 MPa for Ti-6Al1-4V matrix with hexagonal array of cyclindri-
cal holes in it. This simple calculation may explain why the

transverse strengths obtained for base composite and thermally

degraded composites are around 280 MPa. However, more experi-

ments are needed to confirm this observation.

Stereographic observations, howaver, show distinct differ-
ences in the modes of fracture of as received Ti/SiC and inter-
face degraded composites above 45° crack angle [Fig. 9,10,11].
While for as received metal, transfibral fracture was observe”
at 45° and 60° angles, the predominant mode of fracture for
the thermally fatigued and coninuously Leated samples appears
to be interfacial failure. The crack doesn't seem to propagate
at a preferred angle which was the case for two base composites.
Excessive fiber damage is noticed on the interface degraded
specimens. At all the angles some crazing is-also noticed at
the interface [Fig. 12]. However, above 45°, the initial crack
propagation seems to be predominantly interfacial in thermally
degraded composites. [Fig.10,1il]. This, added to the fact
that severe fiber damage has occurred, explains the sharp drop
in fracture stresses for the thermally degraded composites.

The formation and growth of brittle carbides, oxides and borides
at the interfaces can serve as the sourceof fiber degradation.

Thus interfaces seem to play an important role in the mixed
mode crack propagation of the Ti matrix composites. The fracture
mode is controlled by both the mechanics and the interface. 1In
order to model the mixed mode fracture behavior of the MMCs,
it is essential to incorporate interfacial properties as one
of the more important parameters.

SUMMARY

1. Ti-matrix composites specimens with different fiber
orientations were tested in tension for notches oriented
along the fiber direction and normal to the load axis
at an angle to the fiber direction, for as received,
thermally fatigued and isothermally heated samples.

2. For Ti/B,C-B composites fracture stress decreased with
increasiﬂg crack angle B. However, the theoretical
strain energy release rate mode only agrees with the
data for angles greater than 45°.

3. The Ti-matrix/SiC specimens notched at an angle to the
fiber direction showed a sharp drop in fracture stress
for angles between 45° and 60°,

4. Thermally fatigued and isothermally heated Ti/SiC
specimens showed a considerably lower fracture stress
at higher angles and minimal change in fracture stress
at lower angles.
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[-.- 5. Tpe drop ig strength at high angles is attirbuted to
.- fiber and interface degradation while no change at lower
angles may be due to the intrinsic toughness of the matrix.

! 6. Interfaces play an important role in mixed mode crack
propagation and should be considered as a parameter in
future mechanics analysis of the fiber reinforced compo-

- sites.
ACKNOWLEDGEMENTS
gt
o This research was sponsored by U.S. Air Force Office of .
Scientific Research through grant No. 80-0052. We want to thank
-. the Air Force Materials Laboratory for supplying the Ti compo-
= sites, Drs. M. Schmerling and A. Rosen for discussion and N.
- Williams for his assistance in the experimental work.
REFERENCES
[1] Kreider, K.G., "Introduction to Metal Matrix Composites,"
i Composite materials, v. 4, Academic Press, pp. 1-34 (1974)
K (2] Metcalfe, A.G., "Introduction and Review," Composite
Materials, v. 1, Academic Press, pp. 1-28 (1974)
~ {3] Composite Materials, v. 1, "Interfaces in Metal Matrix
. Composites,"ed. A.G. Metcalfe, Academic Press, (1974)
H' [4] Metcalfe, A.G., 'Fiber Reinforced Ti Alloys,' Composite
. Materials, v. 4, Academic Press, pp. 269-318, (1974)
‘i [5] Dharan, D.K.H., J. Engineering Mat. & Techn., V. 100,

PP. 233-247 (1978)
[6] Corten, H.T., "Fracture Mechanics of Composites,"” Fracture
o V.VI1, Academic Press, pp. 675~769, (1972) '
- {7] sih G. C., Paris P.C. and Irwin G.R., Int. J. Fract. Mech.,
v. 1 (3), pp. 189-203 (1965)
a (8] Wu E.M., Trans ASME, Ser. E. I. Applied Mechanies 34 (4)
- pp. 967-974 (1967)
[9] K. Lauraitis, "Tensile Strength of Off-Axis Unidirectional.
Composites," University of Illinois, TAM Report No. 344 (1971)
[10] K. Lauraitis, "Failure Modes and Strength of Angle Ply
Laminates," University of Illinois TAM Report No. 345 o
(1971) ';““

- [11] Wu E.m., Reuter R.C. "Crack Extension in Feber Glass Rein-
o Forced Plastics", University of Illionis TAM Report No. 475,
(1965)

[12] Wu, E.M., "Strength and Fracture of Composites," in Compo-
gsite Maters, V. 5, ed. I.J. Broutman, Academic Press,

e pp. 191-247 (1974) .

(13)] s8ih G.C., and Chen E.P., J. Comp Mat. V.7, pp. 230-244,
_ (1973)
o {14] sih G.C., Chen E.P. Huang S.L. and McQuillen, E.J.,

J. Composite Mat. v. 9, pp. 167,186 (1975)




(15]
(16]

[17]
(18}

T Pigl. 11(a)

24

Tirosh, J., Eng. Fract. Mech, V. 13, pp. 119-127 (1980)
Olsen, G. C. and Tompkins, S.S., "Continuous and Cyclic
Thermal Exposure Induced Degradation in Boron Reinforced
6061 Aluminum Composites,"” in Failure Modes in Composites
IVf J.A. Cornie (ed.), pp. 1-21, AIME (1979).

Grlmes, H. H., Lad' R. A. and Maiaelc JeEep Metall, Trane.
A, 8A, pp. 1999-2005. (1977)

Riggs, D., "Prediction of the Transverse Strength of
Aluminum/Graphite Composites," Army Materjials and Mechanics
Research Center Report, (1979)

.
e v e Ve 3
30.

Optical Micrographs of the Fractured Specimen
ISOTHERMAL  HEATING  Ti/SiC 100

4.  Fig. 11(b)
SEMs of the
Initial
Notch
Region

;¢ Fig. 12
" SEM of the Fractured Interface Showing
Some Crazing

o e AT
RIS P



(;

— v g ——— m———
T — P AP B A N A At ST ETRA N e P e A -

Ll et St St~ e

25

Theoretical and Applied Fracture Mechanics 1 (1984) 161-168
North-Holland

APPENDIX B

MIXED MODE FRACTURE IN TITANIUM METAL MATRIX COMPOSITES

Deepak MAHULIKAR * and H.L. MARCUS
Materials Science and Engineering, The University of Texas, Austin, Texas 78712, USA

Introduction

The problem of mixed mode fracture in the
isotropic as well as anisotropic materials has been
receiving a considerable amount of interest lately
[1-7}. The importance of studying the mixed mode
fracture behavior for metal matrix composites
[MMCs] has been recognized for a long time {8-13].
Due to the high degree of anisotropy and the
presence of defect structures at the fiber/matrix
interface, flaws do not tend to propagate in a
controlled manner. Any change in the crack growth
direction involves a mixed mode loading locally at
the crack tip. Mixed mode loading is also experi-
enced when a propagating flaw goes around a
fiber. Study of the mixed mode fracture behavior
for the MMC:s, unlike isotropic materials, presents
several problems. The MMCs are characterized by
heterogeneity, anisotropy and interfaces. These
factors can substantially influence the mixed mode
behavior of the MMCs.

The purpose of this paper is to identify some of
the problem areas in the studies of mixed mode
fracture and fatigue crack propagation (FCP) of
the MMCs and to report on some experimental
results obtained. The evaluation is based on the
work on continuous fiber reinforced titanium metal
matrix composites [5-7). Some of the areas to be
considered are the application of fracture mecha-
nics, presentation of FCP data, influence of fibers
and interfaces, and the influence of various en-
vironments on the FCP.

Mixed mode static loading

The mechanics approach for mixed mode load-
ing is based on either a) the crack propagation is

* Presently at Olin Metals Research Laboratory, New Haven,
CT 46511

self-similar {12-3} or b) the crack extension is
non-collinear {2,11]. Further assumption of ortho-
tropic linear elastic plate is essential [8] for a
composite material. Thus for self-similar crack
propagation under mode 1 and II loading the
failure criterion can be given by [8]:

G.=G,+G,
=(S) + Sx,)

172
+Se/280] (K2 +(80/82) 2K

2 (Sp/80)' 7 + 28,

It was observed [10,14] in plexiglass, aluminum
alloys and resin matrix composites that for mixed
mode loading the crack does not necessarily ex-
tend in a self-similar way. Many approaches were
proposed to analyze this problem (3,14-18).
Among those models, the S theory [16-18] states
that the mixed mode crack extension will occur at
a certain angle 8 decided by the strain energy
density field around the crack tip. The model can
be used effectively for the composite materials
also.

Several problems are encountered when apply-
ing these models to a MMC. The crack propaga-
tion in MMCs is a complex process involving
several failure mechanisms acting simultaneously
[4). Also one of the most important factors in-
fluencing the fracture mode is the fiber-matrix
interface, which can provide an anisotropic least
resistant path for crack growth during the mixed
mode loading. In order to study the interface
effect, tension testing was carried out on center
notched off-axis as received as well as heat treated
specimens [7]. The fiber orientations § with respect
to the load axis were 0°, 35°, 60° and 90°. The
notch was cut along the fiber direction. The frac-
ture stresses are plotted in Fig. 1 against the fiber
angle @ for the as received condition. The data for
the heat treated B,C-B as well as BORSIC/Ti-
6A1-4V specimens is recorded in Table 1 and 2.

0167-8442 /84 /$3.00 © 1984, Elsevier Science Publishers B.V. (North-Holland)
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The data in Fig. 1 is compared to calculated §
theory and a simple strain energy model {7). It was
observed that above 8 = 45°, the failure was along
the fiber orientation and not at an angle as predic-
ted by the S-theory.

From Fig. 1 it can be seen that the S-theory
and «train energy release rate model agree with the
data.only for the higher values of 8, i.e., above
45" The reason for this is that above 45° fiber
orientation the fracture is predominantly matrix
and interface controlled. At lower angles however
the fracture involves complex model of failure,
such as fiber fracture, pullout etc. This fact is not
taken into account by the models.

Table 1 lists the fracture strength data for the
various heat treated B,C-B/Ti-6A1-4V specimens,
and compares it to the as received condition. It is
evident from Table 1 that the heat treatments
resulted in the reduction of the longitudinal
strength while little change in the transverse
strength is observed. The reduction in longitudinal
strength is nominal for the 500°C vacuum heat
treatment. But a substantial reduction in longitu-
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Fig. 1. The fracture strength variation of the as received B,C-
B/Ti-6A1-4V specimens versus the fiber angle §.
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Table 1

Fracture strength comparison for B,C-B/Ti-6A1-4V as re-
ceived and heat treated specimens

[ As received 7 Day 500°C 6 hr. 885°C
in in in Vacuum
Vacuum Air

Deg. MPa MPa MPa MPa

0 1035 920 780 770

45 470 460 400 388

90 345 361 355 340

Table 2

Fracture strength data for BORSIC/Ti-6A1-4V as received and
885°C heat treatment

@ As received 6 hr. 885°C
Vacuum
Deg. MPa MPa
0 820 690
a5 410 400
90 350 355

dinal strength is observed for the 7 day 500°C in
air and the 6 hr 885°C vacuum heat treatment.
Similar results are shown in Table 2 for BORSIC/
Ti-6A1-4V composites. This suggests that these
heat treatments resulted in interface modifications
and fiber degradation which in turn showed a loss
in longitudinal fracture strength. SAM studies [6]
were therefore carried out to characterize the
change in interface chemistry due to the heat
treatments, These studies revealed formation of an
oxide layer at the interface for the 7 day 500°C air
heat treatment and a thick TiB, layer for the
885°C 6 hour vacuum heat treatment [6]. The
reduction in longitudinal strength of the titanium
MMCs was therefore attributed to the formation
of the oxide layer in case of the 500°C air heat
treated specimen and to the formation of TiB,
layer 885°C vacuum heat treatment. The interface
modifications thus affected the mixed mode frac-
ture bebhavior significantly.

Mixed mode FCP in laboratory air

The problems encountered in applying mecha-
nics concepts to mixed mode behavior of titanium
MMCs are further complicated in the mixed mode
FCP studies. In order to derive useful data, a
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proper K-calibration and a way to express the data
is needed. The crack growth data obtained in the
form of a against N can be either expressed as

da/dN a AG™.
if the FCP is self-similar, or
da/dN x gDS™,

if the FCP is non-self-similar [16], provided a
proper K-calibration for anisotropic materials is
available. It was observed [6.7] that the mixed
mode FCP with the initial notch parallel to the
fiber orientation was self-similar. The fiber orien-
tation was the weakest path for the FCP. This was
confirmed by a couple of experiments [6]. In the
first experiment, a 45° orientation compact ten-
sion specimen was fatigue tested. Here the initial
notch was transverse to the load axis at 45° angle
to the fiber direction. The FCP was along the fiber
direction (Fig. 2a). The second experiment was

"N -

- 4 ﬁ?li.\"

Fig. 2. (a) FCP for the 8 = 45° B,C-B/Ti-6Al-4V specimen
with initial notch transverse to the load axis. (b) FCP for the

transverse specimen with initial notch at an angle to the fibers.

done on a transverse edge notched specimen with
the notch cut at an angle to the fiber direction.
Here also the FCP was along the fiber direction
(Fig. 2b). This confirms the fact that the fiber
direction was the least resistant path for the trans-
verse and mixed mode FCP. Since the mixed mode
specimens have their notches cut along the fiber
direction, the FCP observed was self-similar, un-
like that predicted by the S-theory [16]. Even for a
6 = 30° mixed mode specimen, which had shown a
non-self-similar crack growth during the tension
testing [7], the FCP was self-similar. This fact
enabled the monitoring of the FCP in the fiber
direction. Because of the self-similar crack growth,
the concept of the strain energy release rate was
used to describe the mixed mode FCP of these
composites. It should be noted, at this point, that
the K-calibration used for the mixed mode com-
posite specimens was that for the isotropic
materials [17]. The composite materials are highly
anisotropic and therefore it is expected that their
fracture toughness would also be orientation de-
pendent just like the modulus. The reason for this
is the difference in the failure mechanisms for
different orientations. For example, in longitudi-
nal orientation, fiber fracture is a dominant failure
mechanism which contributes to the strain energy
release rate. In the transverse direction, however,
matrix and interface failure contribute to the frac-
ture toughness. Thus the fracture toughness for the
MMCs is essentially an orientation dependent
quantity. This presents some problems for the
K-calibration of the composites. However, it was
observed [18] that for the longitudinal orientation,
the K-calibration curves obtained from global
compliance measurements on aluminum/boron
and BORSIC/titanium composites were the same
as the isotropic materials. It was found that the
local as well as the global compliances were pre-
dictable by using isotropic K-calibration. This is
an important observation, since K-calibration for
the longitudinal composite specimens can then be
obtained from the isotropic materials. For mixed
mode specimens, however, strain energy release
rate approach was chosen. K-calibrations for the
isotropic materials were used and were normalized
by proper modulus value to obtain

(G=G,+G,, where G,=K}/E; and

G,=K}/Ey).
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Fig. 3. Mixed mode FCP rates for the as received B,C-B/Ti-
6Al-4V composite in humid air. R = 0.1.

Thus in the absence of a rigorous K-calibration for
the mixed mode specimens, use of the orientation
dependent modulus to normalize the strain energy
release rates was preferred.
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Fig. 4. (a) Mixed mode FCP for the 7 day 500°C heat treated
B,C-B/Ti-6Al-4V specimens in humid air at R = 0.1. O repre-
sents vacuum heat treatment. Full lines show the data for the as
received specimens.
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Fig. 4. (b) Mixed mode FCP for the 885°C, 6 hour, vacuum
heat treated B,C-B/Ti-6A1-4V specimens in humid air at
R=0.1.

Figure 3 shows the FCP data for the as received
B,C-B/Ti-6A1-4V specimens for the 0, 45 and 90
degrees fiber orientation [6]. It is evident from Fig.
3 that the as received composite’s mixed mode
FCP behavior can be expressed by the equation

da/dNx AG™, m=3 for a particular §.

It is interesting to note that the slope m for all the
curves is similar. As expected the curves represent
the anisotropy of the composite, with the longitu-
dinal specimen showing relatively slower FCP rate
and a significantly higher value of the failure
strain energy release rate (G ).

FCP curves for the heat treated B,C-B/Ti-
6A1-4V specimens are plotted in Fig. 4a and 4b.
In general the heat treatments seemed to slow
down the FCP rates. This slowing down effect was
much more pronounced for the transverse speci-
mens than the longitudinal ones. This was seen for
the 7 day 500°C air and 885°C 6 hour vacuum
heat treatment (Fig. 4a and b). The slowing down
of the FCP was also noticed for the vacuum,
500°C heat treated longitudinal specimens. The
heat treated longitudinal specimens also recorded
a lower value of K, than the as received longi-
tudinal specimens. The K, for the other orien-
tations changed only siightly. Fractography on the
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1
3

1981

Fig. 5. (a) Mixed mode FCP in humid air for the as received
B,C-B/Ti-6Al-4V transverse (top) and § = 45° (bottom) speci-
mens.

longitudinal heat treated specimens showed fiber
debonding and pull out [6]. Post puil out wear
marks were noticed around the interfacial regions.
Secondary cracking was observed near the main
crack front of the heat treated specimens (7]. This
secondary cracking and the debonding at the inter-
face may be partly responsible for the slowing
down of the FCP rates in the longitudinal speci-
mens. The difference in the FCP rates of the as
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Fig. 5. (b) Mixed mode FCP for the 7 days 500°C air heat
treated B,C-B/Ti-6A1-4V transverse (top).

received and the heat treated specimens was sig-
nificantly higher for the transverse and the 45°
fiber direction specimens. Fatigue fractured
surfaces at R = 0.1 for those orientations are shown
in Fig. 5. It is evident that for the as received
condition the FCP in humid air at R = 0.1 was by
splitting the fibers to the core. In heat treated
conditions, however, (Fig. 5b), the FCP was by
interfacial splitting. No fiber splitting was seen.
The 6 =45° specimens (heat treated condition)
showed mode II cracking of fibers at distinct
points (Fig. 5c). This change in failure mechanism
from fiber splitting for the as received MMC to
the interfacial splitting for the heat treated condi-

Fig. 5. (c) Fractured surface of the 7 day 500°C, air heat treated @ = 45° specimen for the mixed mode FCP, showing mode 1

cracking of the fibers.
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Fig. 6. Variation of the FCP rates for the BORSIC /Ti-6A1-4V
transverse specimens with respect 1o the water vapor pressure
at R = 0.1 and constant AK.

tion at R = 0.1 is further discussed in the following
section. These observations do point out that the
mixed mode behavior of MMCs is strongly in-
fluenced by mechanical. metallurgical as well as
environmental parameters.

Environmental influences: Effect of humid air and
crack closure

The titanium MMC system with ‘boron fiber
reinforcement presents a unique system for study-
ing environmental effects on its FCP. Although

the matrix Ti-6A1-4V is not sensitive to humid air
embrittlement [21). it is expected that the brittle
boron fiber, like many other ceramics. will get
embrittled. Studies on A1-B composites {22] have
shown that an increase in FCP rates results when
humid air is introduced in the vacuum chamber.
This effect was attributed to the weakening of
boron fibers due to humidity.

Effect of humidity on mixed mode FCP rates
was studied on titanium MMCs (7] by testing in
environments of different relative humidities. It
was observed that the FCP rates for dry environ-
ments (e.g., vacuum, N, gas) were considerably
slower than in humid air (7). The effect was much
more pronounced for the 8 = 45° and 90° speci-
mens where a FCP rate enhancement of up to 20
times was observed in humid air. at R=0.1.
Fractography showed that in humid air the mixed
mode FCP was by fiber splitting while that in dry
atmospheres was by interfacial splitting. This is
surprising because one would expect that the inter-
face will be weakened by the humid air preferen-
tially. Further studies were carried out to investi-
gate the water vapor pressure effect on FCP.
Transverse BORSIC/Ti-6A1-4V specimens were
tested. The crack was propagated at constant AK
and R=0.1 in a certain environment, and the
loading was stopped. Another environment (e.g.,
humid air) was then leaked into the vacuum cham-
ber of FCP was continued at the same AK and
R = 0.1. The results (Fig. 6) show that there is a
steep rise in FCP rate at around 100 Pa water
vapor pressure. Fractography at that point is shown
in Fig. 7. It is clear that a transition from interfa-
cial splitting to fiber splitting is visible at 100 Pa
water vapor pressure. Since there is a steep rise *
the FCP rate at this point, the fiber splitt |

Fig. 7. Fatigue fractured surface of the transverse BORSIC /Ti-6A1-4V specimen showing the transition in failure modes. Interfacial
splitting in vacuum to about 50% fiber splitting in 133 Pa water vapor pressure.
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observed in humid air at R = 0.1 can be linked to
the increased FCP rate in humid air at R=0.1.

It may be noted that all the above study was
done at R=0.1 where fatigue crack closure is
observed in isotropic materials. A brittle fiber
reinforced ductile matrix system offers a unique
characteristic for studying the fatigue crack closure.
Fatigue crack closure is a result of plastic defor-
mation left at the wake of the crack tip. In a
composite system described above, only the matrix
can deform plastically, not the fibers. Therefore,
during the lower part of the tension to tension
cycle, the deformed matrix can squeeze onto the
fibers, setting up stress fields. For very thin speci-
mens (approximately plane stress state), such as
ones used in previous work [6,7), mode III type
stresses can also be expected due to the specimen
alignment problems. Thus it was proposed {7] that
the [iber splitting observed in humid air at R =0.1
can be a result of an environmentally induced
fatigue crack closure effect. Mixed mode FCP
studies carried out at R = 0.5 in humid air, showed
that the FCP was by interfacial splitting [7] and
thus supported the above-mentioned argument.
However, the question of effect of humid air on
fatigue crack closure remained unanswered. Fa-
tigue crack closure measurements were therefore
made in humid air and in dry N, gas at R=0.1
and R =0.5. The details are given elsewhere [7].
The results showed that the closure loads were
higher in humid air than in dry N, gas at R=0.1.
This may be due to an oxide formation mechanism
[23]). In humid air an oxide scale develops on the
crack surfaces which can preferentially strengthen
the asperities. This results in increased closure
loads in the plane stress region. Thus it was pro-
posed [7] that the fiber splitting mechanism ob-
served for the mixed mode FCP of the titanium
MMCs is as a result of an environmentally in-
duced fatigue crack closure. The squeezing effect
during closure, mode III stresses along the humid
air embrittlement of the boron fibers result in fiber
splitting in the plastic zone ahead of the crack tip.
The cracking of a substantial length of the fiber in
the elongated plastic zone ahead of the crack tip
results in enhanced mixed mode FCP rates in
humid air at R = 0.1.
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Summary

The studies show that the mixed mode fracture
and FCP behavior of MMCs is a complex phe-
nomenon strongly affected by mechanical, metal-
lurgical and environmental parameters. Any mech-
anics model should be used cautiously since inter-
faces, environments and stresses set up by mecha-
nical constraints of a test affect the mixed mode
fracture behavior significantly. Problems persist in
the areas of K-calibration, representation of FCP
data, and environmental interactions.
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APPENDIX C

ENVIRONMENTAL INFLUENCES ON THE FRACTURE AND
FATIGUE PROPERTIES OF TITANIUM METAL MATRIX
CONTINUOUS FIBER COMPOSITES

Deepak S. Mahulikar*, Y.H. Park and H.L. Marcus
Department of Mechanical/Materials Science Engineering
The University of Texas
Austin, Texas 78712

Abstract

Mixed mode tensile and fatigue crack propagation studies

were carried out on B4C/B fiber reinforced Ti-6Al-4V matrix
composites for the as-received, vacuum heat-treated and air
heat treated conditions. The vacuum heat treatment had
minimal effect on the tensile properties of the composite
but improved the fatigue crack propatation properties.

The air heat treatment degraded the fibers and the inter-

face resulting in loss of 1ongitudinél strength, but improve-

ment of fatigue crack propagation properties. The fatigue

crack propagations for the mixed mode 30°, 450, and trans-

verse specimens was self-similar. The as-received com-

posites' mixed mode propagation is given by (da/dN)a(AG/Gf)m

for all the fiber orientations showing self-similar crack
propagation. Humid énvironments accelerated the fatigue

crack growth considerably cdmpared to the vacuum and inert
gas environments. Failure stress intensity (Kf) appeared

to have a lower value in humid environments.

Key Words: Titanium metal matrix composite materials,
Fracture, Fatigue crack propagation, Mixed mode loading,

Gaseous environments.

* Presently with 0lin Metals Research Laboratory, New Haven, CT.
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INTRODUCTION

Because of their high strength to weight ratio, high
modulus and toughness, titanium-metal matrix composites
have long been considered for applications in dynamic
structures. However, like other metal matrix composites, (MMCs)
titanium-matrix composites are characterized by anisotropy,
heterogeneity and interfaces. Tensile properties of titanium
matrix composites feinforced with continuous SiC, Borsic,
and B4C/B fibers have been studied (1-4) and the results
indicate that the mechanical properties of such composites
are dependent on the interfaces or the reaction zone
formed during fabrication. The off-axis properties have
also been found to be highly influenced by the nature of
the fiber matrix interface (4, 5).

Axial fatigue studies on the titanium-matrix composites

have been carried out (6, 7) and it was suggested (6) that
the fatigue processes in metal matrix composites are
strictly matrix controlled. A titanium matrix composite by
virtue of its relatively sound fiber matrix bonding permits
very little fiber/matrix delamination for the as-fabricated
specimens. However, if the interface could be weakened
enough to permit debonding, the sharp cracks will blunt

at the interface, resulting in higher fatigue strength (6).
In addition to axial tensile and fatigue properties, mixed

mode crack propagation behavior in MMCs is of extreme
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importance. During transverse mode I locading, the crack
propagating through a brittle interfacial region around
the fiber experiences a mixed mode loading condition.

Many attempts at modeling the mixed mode fracture in

ca L
P .

fibrous composites have been made (8-13). 1Initial theories

were based on application of fracture mechanics to the

anisotropic materials. For an orthotropic material, ex-

pressions were derived for the case of a crack lying along
a plane of symmetry and were of the kind

G = GI + GII

for self-similar crack growth. It was assumed (8, 13)

that the composite material is an orthotropic plate and

therefore .
_ _S11%Syn y  Son 251,866 4
G =G+ Gy = (57 [(E7° + —55—>]
1 11 11
[K 2, (~S—H~)!s K 2]
I 822 IT

where S11 = l/Ell; 522 = l/E22: S12 = -wiz/Ell _
V21/Byzi  Sgg = 1/Gp;-

Based on the observation that most of the mixed mode
crack propagation is not self-similar, a strain energy

density theory was proposed (9, 10). This theory predicts

that the mixed mode crack extension in composites will

TN ._.{-'.‘._.’.._.‘.....'....’.. AT IS Sl S L e R P P I ST SR U I STV I SV L A P SR S LI S AR Y
. P . - ' L LN AL PR o =, - ST S . DA L TR P S S S AT
e o g N N e SN N NN e N




s occur at a certain angle 6 determined by the strain energy gLy
density field around the crack. A recent model (12)

studies the condition under which a self-similar crack

- propagation due to critical strain energy release, changes
" to a trans-fibral path.
{? All these models, however, ignore several important flﬁﬁ
— -l
b, .

factors which limit their applications. The crack propa-
gation in MMCs is a complex process involving several
failure debonding, fiber pull-out etc. It is difficult to
have a generalized mechanics theory to include many of
these machanisms acting simultaneously. Also one of the

most important things affecting the fracture modes is the

' interface. A weak interface can act as a crack arrester,
\';s'z'.'
and will also have detrimental effects on the off-axis tensile }ﬂ{j
’ '.‘~'.'-4‘
properties. It was shown (4) that at lower fiber angles AN

e

most of the mixed mode theories cannot agree with the
experimnetal data because of the influence of the interfaces.
Finallv, fatigue crack propagation (FCP) behavior of
titanium-matrix composites in environments of different
humidities needs study. It is expected that because of

- different failure and crack arresting mechanisms, fatigue

crack growth properties of the composite should be better

than that of the matrix. Studies of FCP of such composites
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s in different environments and identification of failure
modes is necessary.

The purpose of this paper is to study the fracture

f". and fatigue crack growth properties of Ti~6Al1-4V matrix
continuous fiber composites. Tensile data on the as-

received and heat treated conditions is presented along

with the fracture modes. Mixed mode fracture is studied T

under both of these conditions and data is compared to

= available mixed mode theories. Fatigue crack growth -
.

studies are presented and modes of failure are studied.

Mixed mode fatigue crack growth data is than presented

for the as-received and isothermally heated condition,

‘ with the emphasis on the effect of tﬁe interface on the
failure modes. The fatigue crack growth is then modeled ,':é\.j
t in terms of the change in the strain energy release rate. \}':
- Material System
- The composite system used in this study was con-
= tinuous B,C coated boron fibers in a Ti-6Al-4V matrix.
'_ A typical micrograph of the as-received condition of the
y composite is shown in Fig. 1(a). The fibers are approx-
r; imately 150 microns in diameter. The B,C coating is
- approximately 4 microns. The fibers represent a volume :;g_;:;::
= fraction of approximately 40% in a 4 ply composite sheet ".E
[j of 0.88 mm thickness. As evident from the micrograph, :_'\
E small radial cracks were noticed in the boron fibers. t’”—
- f‘\::_::-.::
L L
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II. Fatigue Crack Growth and Mixed Mode Fatigue Crack
Growth Testing

N aae g

; - Fatigue crack growth experiments were done on a closed
loop-electrohydraulic system. The test frequency was 1 Hz. !,
- Compact tension specimens (H/w-1, ao=2.5 mm) wefe used for
the longitudinal fiber orientation (e=o°), and edge notched
specimens (15) (ao/w=0.3, w=25 mm) were used for most of Moo

the mixed mode experiments*. For the mixed mode fatigue :fg

Y VT,
-y
b
ba

- crack growth experiments (i.e., for e=30°, 450, and 900),
* the initial notches were cut along the fiber direction.

Fig. 2 shows various specimen configurations. The crack

growth was measured by an optical microscope. It shodld be
noted at this point that for all the’experiments the fatigue
crack propagation was self-similar, i.e., along the direction
of the initial notch. No gross delamination was observed for
the longitudinal specimens. The majority 6f the experi-
ments were done at constant load range (AP) and load ratio
(R=0.1) with the remaining experiments done at constant AK

and R=0.1. In order to determine the effect of degraded

* CT specimens were not used for the off-axis orientation
because the loads were too small to get the desired 4K
and were in the error range of the FCP testing machine.




q interface on the fatigue crack propagation (FCP) all the L-‘_

experiments were repeaéed for thé<specimens heat treated A
- at 500°C in air. Here also the FCP was self-similar. The s
- FCP data 1s plotted in Fig. 3 through Fig. 6.

In order to study the influence of gaseous environ-

ments, FCP experiments were done in a 100% RH environment,

at 10-6 torr vacuum and in dry N, gas environment. Only .
longitudinal compact tension specimens were used. Thé tests
were conducted at constant AP and R and at a frequency of

1 Hz. The results are plotted in Fig. 6.

III. Fractography and Interface Characterization

All the tensile and fatigue fractured surfaces were

. theionmbsil
than viewed in a high resolution SEM to determine the ~—
e failure paths and mechanisms. In addition, in-situ frac-

trued specimens were studied in a Scanning Auger Spectro-

!E scope. Chemical and quantitative analysis of the fractured :;
- surface was carried out. The fractured surface was then iﬁi
;. inert ion sputtered-by 3KeV argon ions at a 0.4 mA/cm2 ion A
E o current density. The chamber pressure was 3.6x10_5Pa. . :~*
EE Chemical depth profiles for various elements were recorded. 5&3
E.ii Fig. 7 gives the depth profile of oxygen for the as-received Zﬁ;
!% - and heat treated condition. =
_ - 2
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'~ Results and Discussion

;".-' The fracture stress values for the unnotched as-

received and heat treated specimens are given in Table 1.

- It can be seen that the heat treatment in vacuum has a min- .
imal effect on the mechanical properties of the composite
while the heat treatment in air ha.s a considerable effect ;~-:
on the longitudinal strength of the composite and almost . _‘
no effect on the transverse properties. The reduction

r in longitudinal strengtﬁ is due to the interface degradation i:**‘
during the heat treatment. Little change in transverse ~—-
properties indicates that the transverse strength is repre-

l sentative of the intrihsic strength of the matrix.

The fracture stresses for the notched, mixed mode

type experiments are listed against the fiber orienta-

] tion for the as-received and 500°C air heat treatment
condition, in Table 1. Significant reduction in the long-
itudinal strength is observed and little change in trans-

- verse properties is seen. As stated in earlier work (4), i"

_, the mixed mode theories (8-13) only agreed with the exper-

2 imental data at angles> 35°. At lower angles, however, : RS

< different types of failure mechanisms are observed. Also, !‘
the interface influences the crack propagation significantly. \

. T

o Optical microscopy showed (4) that for the as-received con- :\:
* [ dition, the crack propagation was predominantly along the L-.-
i
: S8
NN

| -
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42 —
fibers, for angles above 35°. Below 35° however, the 'Fﬁd
cracking was at a certain angle to the initial notch. For gig
the 500°C air heat treated condition however, the crack i&;
extension was along the fiber orientation for all but the i?j

} longitudinal measurements. i;i
The reduction in the longitudinal strength by the ;:;
.

heat treatment in air is due largely to the fiber and
the interface degradation of the composite. 1In order

to document the change in the chemical nature at the

fractured surface, or the interface, SAM studies were
done on the as-received as well as the heat treated
specimens (4). It has been shown that a large concentra-
tion of brittle carbides, oxides, and éhlorine and sulfur
was found on the in-situ fractured surface of B4C/B -
Ti-6A1~-4V composites for both conditions. However, an
unusually high concentration of oxides was found for the

air heated specimens. When inert ion sputtered into the

fiber, the oxygen concentration decreased as shown in
Fig. 7. Compared to the air-heat treated condition, the ReC

as-received specimen and the vacuum heat treated specimen P

. e
.

)
PR Ay X

showed much less oxygen at the interface. Thus increased Rt

|

oxide formation at the interface can be considered as a

possible degrading mechanism.




Ll Sadett )

e R R W W e T e T e Ve T

~

Longitudinal Fibers

Fatigue Crack Growth:
As mentioned earlier, since the FCP for all the

- longitudinal specimens was mode I, it was possible to

- plot the data in a conventional (da/dN vs AK) was.

- Fig. 3 shows the FCP curve for the as-received Ti-6Al1-4V

matrix composites. For comparison the data for Ti-6Al1-4V

(recrystallizatioh annealed) is also plotted. It can be

seen from the two cdrves, that the composite da/dN curve

is much steeper (m ) and the K

e . >m . .
t composite matrix failure

for the matrix is greater than the K of the com-

failure

posites. The composite exhibits slower crack growth

rates than the matrix at lower AK values (AK < 27.5 MPav/m)..
Lower fiber fatigue strength can explain why the com-
posite has a steeper da/dN curve and a lower K

failure”

At lower AK values, fiber matrix interfaces can act as

. crack blunters, retarding the growth. However, as AK
i is increased, the fibers cannot withstand the stress
: cycling and start fracturing providing crack initiation
- sites. At a certain AK the matrix cannot withstand the
stress and fractures showing much lower Kfailure’ SEM
S of the fractured surface reveal local debonding, fiber
ohw
pullout and fiber cracking (Fig. 4). !
o
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Mixed Mode Fatigue Crack Growth

o

-. FCP experiments were carried out on 9=0°, 30°, 45 v

. o . . .
- and 90~ specimens for the as-received as well as air

heat treated conditions. A very interesting observation
was that for all the orientations, the crack extension
was self-similar, unlike predicted in the strain-energy
| Even for the 30° specimen, which

density theory (9, 10).

has shown a non-self-similar crack propagation during ten-

sion testing, the FCP was self-similar. FCP, as opposed to

high strain rate tension testing, is a slow incremental
:i crack extension process, resulting in self-similar crack

growth even at lower fiber angles. This observation
enabled the monitoring of crack growth in the fiber
L direction. Because of the self-similar FCP, the da/dN
was then plotted against AG, the range in strain energy
where AG = AG + AG

release rate, I and II represent

the modes of loading and AGIa

AKI,

E

AG

II a II.

2
AK The crit-

E

ical fracture toughness of thesé composite!Iis highly
anisotropic, just as the modulus, which was the reason for

selecting the above approach. Thus da/dN is plotted against

) -’ .'\- KA -‘.- o ."."I AN

(o]

AG for 6=0°, 45°,

the as-received and air heat-treated condition.

lack of K~calibration,

as 'a' against N (Fig.

\\.'- .-‘.;..4'\4.:‘\

and 90°

the data for 30o

5(c)).

-..'.h

SR . BRI
R A RN

specimens as shown in Fig.

5 for
Due to the

specimen is plotted
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As can be seen from- -Fig. 5(a), the as-received mixed

mode FCP data follow the law

! - gg a AG" m~3
The slope m for all the angles is the same. As expected,
the longitudinal (6=0°) specimen shows slower crack growth
and much higher Gfailure'
FCP curves for the heat treated specimens are plotted
in Fig. 5(b). In general, the FCP observed was slower
than the as-received specimens. This slowing down effect
was much more pronounced for the transverse (6=90°) speci-
men than the longitudinal one. The longitudinal specimens

recordad ‘a lower X than the lohgitudinal as-received

failure

specimens. The K for other orientations changed

failure
only slightly. The vacuum heat treated longitudinal
specimen showed slower crack growth than the as-received
condition.

The SEM fractographic studies on FCP fracture sur-
faces for the as-received transverse and 6=45° specimen
are shown in Fig. 8(a) and those for the air heat treated
e specimens are shown in Fig. 8(b). It is evident that for
the as-received condition the fatigue crack has propagated
by splitting the fibers to the core. This means that the
oy fiber/matrix interface was not the weak link. The reason

may be partly due to the inherent radial cracks in the

b2 boron fibers seen in as~-received micrograph (Fig. 1l).

These cracks can extend during cycling and split the fibers
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n radially providing the least resistant path for the main
fatigue crack. 1In the air heat treated condition, however,
. the fatigue crack propagated through the fiber/matrix

interface only, as seen in Fig. 8(b). This is explainable

-
by the observation that the interfaces of the heat treated
specimens were degraded by oxides as shown by the SAM studies.
Therefore . the interface provided the weakest path for
fatigue crack propagation.
The failure strain energy release rate Gf for the
! I composite is highly orientation dependent. Gf for the
i longitudinal specimen is almost an order of magnitude
- higher than transverse specimen (Fig. 5). The reason can
i l be traced in the fact that for longitudinal specimens
fiber breaking mechanism constitutes the resistance to frac-
= ture, while for the other orientations it is either radial
) . crack extension, or interface splitting mechanism.
This observation is consistent with that predicted by
several models (17, 18) which have estimated that the value
' - of G for fiber fracturing mechanism is much higher than
- for debonding mechanisms. For fiber fracture G¢ can be
',::: estimated as
-
| Gfa (_’_f_2
.‘ Elong
°q which can also explain the observation that the Gf for
o as~received composite has a higher value than that of the
E air heat treated. It should be noted here that the value
[
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of Gg is not only indicative of the anisotropy of

- the material but also indicates the type of failure mech- -

anism involved (i.e., fiber breaking, debonding, splitting,
etc.) Therefore, if the mixed mode data for the as-received o d

material is normalized by Gf one can plot da/dN against . &;u

éﬁ for all the fiber orientations. This curve is shown L
f .
in Fig. 9. It is an interesting fact that all the data in A

Fig. 5 for the as-received material collapses to form one

r single curve

3 | da/aN o /86 \" m-3
._'. Gf

for all the fiber orientations. This type of curve can
be very useful in predictive analyiss since it takes care
of the anisotropy of the composite. Using the form

G, o oi we can write

£
. E AGxE,\ m
' da/dN o 0
. 2z
= 04(0)
- for all the fiber orientations showing self-similar crack
B growth.
- Effect of Gaseous Environments on the FCP

Fig. 6 shows the FCP behavior of B4C-B/Ti-6Al—4V
" longitudinal specimens in different environments. It can

< be noticed that at lower AK values there is an order of

N\ _'.; N o h Sttt e .
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I . magnitude difference in FCP rates between vacuum and 100% RH.
- - The fatique crack growth rate tends to be greater in en-
vironments of increased himidity. The difference in FCP
. - rates in dry N, gas and vacuum were minimal. Vacuum and

N2 gas FCP showed a higher value of K than the wet

failure
air, suggesting an environmental effect on the Ko of the

= material. This effect is under further study.

Fractographic studies (Fig. 1l1) showed a considerable

matrix damage and fiber cracking for the 100% RH FCP speci-

LR AAPAPERIE R

mens. The fatigue in vacuum, however, showed a cleaner matrix
with evidence of fiber breakage and pull out. The fracture
surfaces for the N2 gas and vacuum were similar. |

_l Finally, a note on the effect of heat treatment on

. the matrix. As shown earlier, the heat treatment transports

some oxygen down the interface. Oxygen is also present in

AN ARG ) B

| 4 the matrix. Increasing oxygen content can lead to increasing
the grain size (19). Although there is a slight increasse in

strength with corresponding reduction in fracture toughness,

- it was observed that increasing oxygen content did not affect
& = the Stage II FCP properties of recrystallization annealed
§ f: Ti-6A1-4V alloys (19). Therefore, it is concluded that it is
E - the fiber/matrix interface which is degraded by the heat
lf }; treatment rather than the matrix.

-
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In summary, the tensile, mixed mode and fatigue crack

propagation studies carried out on the as-received and heat-
treated B4C—B/Ti—6A1—4V composites resulted in the following

conclusions:

The SOOOC, 7 days in air heat treatment reduced the
longitudinal strength by about 30%, but had no effect
on the transverse strength. The vacuum heat treatment
had minimal effect on the mechanical properties.

Mixed mode tensile crack propagation was self-similar
except for the fiber angles below 35°.

SAM studies revealed increased oxide formation due to
heat treatment in air at the fiber matrix interface.
The fatigue crack propagation for the longitudinal

as well as off-axis specimens was self-similar. For
the longitudinal specimens the slope of da/dN vs. AK
curve was much steeper than the Ti-6Al1-4V matrix curve
with a lower Kfailure'
The mixed mode FCP was self-similar, and was found to
follow the law da/dN a AGm, for the as-received and heat
treated specimens. |

For the as-received specimens, normalization by Gg led

to a generalized curve

‘4
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ﬂ da o f86\™ for 6 = 0°, 45°, and 90°
dN Gf
= specimens for self-similar crack growth.

- 7. Fractography revealed that the fatigue crack splits

the fibers in the as-received off~axis specimens but

follows an interfacial path in case of heat treated

specimens. This could explain the slower crack growth
R rates in the heat treated samples.
oo 8. Humid environments tend to accelerate the FCP of the
i

longitudinal specimens. They also show a lower

K . than the inert or vacuum environments.
failure
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Nomenclature

Crack length

Fatigue crack growth

Young's modulus in 6 direction

Fiber orientation with respect to the load line
Strain energy release rates

Strain energy release rates for mode I and II
loading

Range in the strain energy release rate
Failure strain energy release rate

Shear modulus

Half height of the compact tension specimen
Stress intensity factor

Stress intensity factor for mode I and II loadings
respectively

Range in the stresé intensity féctor
Failure stress intensity factor
Exponeﬁt

Number of cycles

Load

Range in the load

Load ratio

width of the specimens

Stress

Failure stress
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Fig. 2 (a)

Fig.

Fig.4

Fiqg.

Fig.

Fig.
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1l (a)

3

5

6

7

(b)

(b)

Figure Captions

The as-received B,C coated boron/Ti-6Al1-4V
composite.

B,C-B/Ti-6Al-4V heat treated at 500°C 7 days
in air.

Longitudinal and off-axis FCP specimens.‘

A notched tension specimen.

Fatigue crack growth data for B,C-B/Ti-6A1-4V

4
longitudinal specimen, in comparison with Ti-6Al-4V
recrystallization annealed (19) matrix. R=0.1l.
Fatigue fractured surface of‘the longitudinal as-
received B4C-B/Ti-6Al-4V matérial.

Mixed mode fatigue crack growth of B4C-B/Ti-6A1-4V
composites; for (a) as-received (b) heat treated
condition, and (c) 30° fiber angle specimen.
Effect on gaseous environment oh the fcp of B4C—B/
Ti-6A1-4V longitudinal specimens.

Depth profile for the in-stu fractured surface of
B

C-B/Ti-6A1-4V composite. Depth calculated from

4
sputtering at same parameters on standard titanium

oxide.
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Fig. 8 (a) Fatigue fractured surfaces for the as-

. o . .
received transverse and 9=45" orientation

.»' B4C—B/Ti-6Al—4V.

(b) Fatigue fractured surfaces for the heat

L treated transverse and 6=45° orientation
B,C-B/Ti-6A1-4V.

Fig. 9 da/dN against AG/GF data for longitudinal, trans-
i-‘ verse and 6=45° orientation specimens for as-
received condition.

Fig. 10 Fatigue fractured surface of the air heat treated

- I B,C-B/Ti-6A1-4V longitudinal specimen.
2 Fig. 11 SEM fractography of the fatigue fractured sur-
.':j-: faces in vacuum, N2 gas and 100% RH air.
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Table 1

Fracture Strength of the As-~received and
the Heat Treated B,C-B/Ti-6Al-4V Specimens

Fiber Angle As-received 7 days 500°C Heat treated
6 in in
Degrees MPa vacuum air
0 Notched 1000 - 580
15 Notched 900 - -
30 Notched 590 - -
45 Notched 470 - 400
60 Notched 390 - -
90 Notched 345 - 355
0 Unnotched 1035 7920 780
15 Unnotched 900 - -
30 Unnotched 610 - -
45 Unnotched 490 460 480
60 Unnotched 390 -~ -
90 Unnotched 350 361 345
For the Composite System
E, = 240 x 10> MPa Gy, = 60 x 10> MPa
E, = 170 x 10° MPa v, = 0.28
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Fiber direction

L=
o
b -

Flf- 6 0mm 6 Smam

$ Fiber direction

/;ﬂ

@,

R O O
k— 30mm —— R TP

r (a)

Load

Fiber direction

; ~

- I
’
:: ;
- .
.- e
<
(b)
~ 1*‘.1
::-i 5
R Figure 2 (a) Compact tension longitudinal and off-axis edge &gj
notched FCP specimens. Aluminum doublers are ;$1
b used to strengthen the pin points. N
LJ . . N . -—
. (b) Notched tension specimen. 6 is the fiber angle. ,3?
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Environmentally Influenced Mixed Mode Fatigue Crack
Propagation of Titanium Metal Matrix Composites

DEEPAK MAHULIKAR and H.L. MARCUS

Effect of humid air eavironments on the mixed mode fatigue crack propagation behavior of B,C-B and
BORSIC reinforced Ti-6A1-4V metal matrix composites was studied. Humid environments enhanced
the mixed mode fatigue crack propagation rates in the as-received titanium matrix composites at

R = 0.1. The effect was more

in the transverse and 45 deg specimens. A transition in

failure modes from fiber splitting in humid air to interfacial splitting in dry environments was observed
at a load ratio of 0.1. The transition took place at around 100 Pa water vapor pressure, where a steep
rise in fatigue crack propagation rate was noticed. At R = 0.5, however, no fiber splitting was
observed in humid air. Fatigue crack closure load measurements revealed that closure loads were
higher in humid air than in dry environments. The fiber splitting is suggested as an environmentally
induced crack closure effect, where plastically deformed matrix sets up stress fields (radial and mode
III stresses) on the brittle boron fibers weakened by the humidity.

I. INTRODUCTION

UNIDIRECTIONALLY reinforced titanium metal matrix
composites have lon§ been considered for applications in
dynamic structures.* However, little work is reported on
some important properties such as mixed mode fracture and
fatigue crack propagation (FCP) behavior of these com-
posites. Because of the inherent anisotropy and the presence
of fiber-matrix interfaces, understanding mixed mode frac-
ture behavior of such composites is essential. Studies were,
therefore, aimed at the mixed mode behavior of the as-
received composites and the results have been reported else-
where? It was observed that the mixed mode fatigue crack
propagation of the as-received B,C-B/Ti-6Al-4V com-
posites was sclf-similar, i.e., along the initial notch and
parallel to the fiber orientation at all the fiber orientations.’
The fiber orientation was the weakest path for the crack
growth. It was shown that the mixed mode FCP for the
composite can be expressed by
da/dNx(AG)" m~3
for a particular fiber orientation, and can be expressed by
da/dN={AG/Gr (D]

for all the fiber orientations where G(8) represents the
failure strain energy release rate for the composite which
was analytically estimated with the help of a simple linear
elastic fracture mechanics mode] >

The influence of gaseous environments on the FCP of the
longitudinal B,C-B/Ti-6Al-4V specimens was also stud-
ied.’* It was shown that the humid air enhanced the FCP
rates of the composites considerably.’ It has been documen-
ted that a Ti-6A1-4V alloy showing similar microstructure as
the matrix alloy in this investigation does not show appre-
ciable difference in the stage Il FCP rate for dry and wet air
at R = 0.1 The enhancement of the FCP rates in humid air
for the longitudinal B,C-B/Ti-6Al1-4V composite was there-

DEEPAK MAHULIKAR is a Research Scientist with Ofin Metals
Research Laboratories, New Haven, CT 06511. H.L. MARCUS is
Harry L. Kent, Jr. Professor of Mechanical Engineering, Department of
Materials Science and Mechanical Engineering, The University of Texas,
Austin, TX 78712.

Manuscript submitted April 5, 1982.
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fore an interesting observation. The composite system has
brittle boron filaments which contribute to the FCP behav-
jor. It has been suggested® that humid air weakens the
boron filaments in aluminum-boron composites similar to
other ceramics. Boron is very much susceptible to humidity
embrittlement. Considerable increase in FCP rates was
observed for the Al/B composites when humid air was
introduced in the vacuum chamber.? Since the fiber matrix
interfaces and the boron fibers can provide embrittlement
sites for the humidity, it is important to study the effect
of humidity on the mixed mode FCP behavior of the
titanium metal matrix composites.

The titanium metal matrix composite system consists of
brittle boron filaments and ductile Ti-6Al-4V matrix. This
presents a unique situation for the fatigue crack closure
effect. Fatigue crack closure has been studied extensively
for isotropic materials.””'> During the lower part of the
tension-to-tension load cycle, the crack surfaces physically
close due to the residual plastic deformation left at the wake
of the crack tip. It has been shown for aluminum alloys" that
in humid air an oxide layer builds up on the crack surfaces.
This results in increasing the residual displacement at the
edges of the specimen where a plane stress region exists. For
the titanium matrix composites, this type of effect can be
significant although the oxide formation is much slower.
Since the filaments cannot deform plastically, only the ma-
trix contributes to the fatigue crack closure. Thus, in humid
air, this plastically deformed matrix can set up radial stress
fields. This can result in fiber damage and, in turn, can
affect the mixed mode FCP of the titanium metal matrix
composites. The purpose of this paper is to study the stress
field, fatigue crack closure, and humidity influences on
the mixed mode fatigue crack propagation behavior of the
titanium metal matrix composites.

II. EXPERIMENTAL PROCEDURES

Experiments were done on the as-received B,C-B and
BORSIC reinforced (Ti-6A1-4V) composite materials. The
fiber volume fraction was 40 pct. The experimental set-up
for the mixed mode fatigue crack propagation (FCP) testing
has been described elsewhere.’* Two types of experiments
were conducted.
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A. FCP in Gaseous Environments

- To study the influence of gaseous environments on the
s FCP, experiments were done in environments of different
relative humidities. For this purpose, use of a high vacuum
system (sorption and ion pumps) connected to an environ-
mental chamber was made. Three sets of experiments were
done on B,C/B, BORSIC/Ti-6Al-4V composites to study
the environmental effects.

In the first set, only longitudinal B,C/B(Ti-6Al-4V)
specimens were tested in 100 pct RH, dry N; gas and
3.6 % 107° Pa vacuum environments. These were run at
constant AP with R = 0.1. The results have been reported.?

In the second set, mixed mode FCP in environments of
different humidities was studied. Transverse (8 = 90 deg)
and @ = 45 deg specimens were tested at constant AP with
R = 0.1, in vacuum, dry N, gas, and in humid air (approxi-
mately 50 pct RH).

In the third set of experiments on transverse specimens,
the fatigue crack was first grown up to a/w = 0.4 in a
certain environment (e.g., vacuum) at constant AK and
R = 0.1. The cycling was then stopped and the specimen

ENRrarat - I

S

8 A e g
t

P

——y

4 was held at the mean load. Another environment of different
3 water vapor pressure was then leaked in with the help of a
- leak valve. The cycling was then continued in that environ-
y ment at the same AK and R. FCP rates in both environments
=~ were recorded along with the crack length at which the

transition occurred. Fractography was then carried out to
identify the failure mechanisms in the two environments of
different relative humidities, and at the transition region.
FCP rates were then plotted against the water vapor pres-

- sures.

B. Fatigue Crack Closure and Load Ratio Effects

X All the earlier mentioned FCP testing was done at a load
3 ratio of 0.1. At this load ratio considerable amount of fa-
tigue crack closure has been observed in the isotropic mate-
o rials.”""? Fractography of the mixed mode fatigue fractured
"e specimens in humid air revealed some fiber damage in the

form of chipping suggesting a squeezing effect of the matrix

on the fibers. This strongly suggested a crack closure effect

atR = 0.1. In order to study the crack closure effect and its
: influence on the failure mechanism in the off-axis speci-
- mens, FCP experiments were carried out at the R value of
- 0.5 on the transverse as well as the 45 deg specimens in
d humid air. FCP rates were recorded, and fractography was
carried out to identify the failure mechanisms. In a second
set of experiments on the B,C-B/Ti-6Al1-4V transverse
specimens the fatigue crack was first grown at a certain load

-

o

T

LOAD .y TO X-Y RECORDER

C e a
¥R |

TO X-Y RECORDER

- "!i -
g

CLIP ON GAGE

Fig. 1 —Experimental set-up for the fatigue crack closure measurements.

recorded at 0.02 Hz. The cycling was then resumed at an R
value of 0.5 and the crack was grown by an increment of
2.5 mm. Crack closure measurements were then carried
out. In the second experiment on a transverse specimen, the O
fatigue crack was initially grown in dry N, gas at R = 0.1 -
and the closure curve was recorded. The cycling was then
stopped and humid air was introduced in the chamber. A
crack closure measurement was taken at the same crack
length. The cycling was then continued in humid air, and
another crack closure measurement was made after a crack
growth of 0.7 mm.

It should be noted here that the mixed mode FCP data
are plotted as da/dN = (AG)" where AG = (AG)mote1 +
(AG)M n and AG[ ~ AK]z/El and AGn = AK]ZI/E[]

The K-calibration used was that for the isotropic mate-
rials.” It has been shown that the K-calibration for isotropic
materials can be used for longitudinal BORSIC/Ti-6Al-4V
specimens. For off-axis specimens, normalization by the an-
isotropic modulus was done in order to correct for the aniso-
tropic G-calibration. The details are given in Reference 4.

III. RESULTS AND DISCUSSIONS

A ratio (e.g., 0.1), in humid air. The cycling was then stopped A. Effect of Humidity on the Mixed Mode FCP
5- and resumed at a different R. Fractography was performed The results for the FCP experiments in environments of
- on each sample after fracture. different relative humidities on the transverse and 6 =

: Finally, the fatigue crack closure loads were measured in 45 deg specimens are presented in Figures 2 and 3.

different environments and at different load ratios. The ex- Figure 2 gives the FCP data for the as-received B,C-B/

, perimental set-up to measure the crack closure loads is Ti-6Al-4V specimens in vacuum and humid airatR = 0.1.

) shown in Figure 1. A sensitive clip-on gage was attached on It is apparent that the FCP rates tend to be higher in humid

; the side of the specimen to record the crack opening dis- environments. The FCP rate is significantly higher for the
A placement. The load displacement curve was recorded at a transverse and § = 45 deg specimens than the longitudinal

2 frequency of 0.02 Hz. Crack closure was measured in two specimens. In fact, for the transverse specimen, the FCP

3 different experiments. In the first experiment, the fatigue rate for the humid air is almost 20 times the FCP rate for the

N crack was initially grown at R = 0.1 in humid air. The dry N, gas at R = 0.1. Also, humid air FCP recorded a TN
~ cycling was then stopped and the load displacement curve lower value of Ky than the dry environments for all - Z.::'.
[~ N
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Fig. 2—Mixed mode FCP for the as-received B,C-B/Ti-6A1-4V com-
posite in environments of different relative humidities at R = 0.1.
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Fig. 3—Mixed mode FCP for the as-received BORSIC/Ti-6Al-4V com-
posite in humid air and vacuum at R = 0.1.

the orientations. Again, the effect was significant for the
transverse and the 0 = 45 deg specimens. Similar observa-
tions were made for the BORSIC/Ti-6Al-4V composites
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()

Fig. 4—Mixed mode FCP for the as-received B.C-B/Ti-6Al-4V speci-
mens: (@) transverse in dry N, gas and (b) 8 = 45 deg specimen in vacuum.
R=0.1.

(Figure 3). FCP rates for both the composite systems in
vacuum and dry N, gas were similar.

In order to study the humidity effect on the FCP of the
titanium MMCs, fractography was carried out on the trans-
verse and 45 deg specimens (Figure 4). The FCP in humid
air at R = 0.1 was by fiber splitting, as reported earlier.
Some specimens also showed fiber damage in the form of
chipping. Since interfaces are the weak links in these com-
posites, it is expected that the humidity would weaken the
interfaces in preference to the fibers. The FCP in the dry
environments, on the other hand, was by interfacial splitting
(Figure 4). This surprising result was also observed for
the BORSIC composites.* Thus, for R = 0.1 loading the
vacuum and the N, gas FCP specimens showed predomi-
nantly interfacial splitting, and humid air specimens showed
predominantly fiber splitting.

If there was a transition in the failure modes from inter-
facial splitting in dry environments to the fiber splitting in
the humid environments, it is expected to occur at a certain
water vapor pressure. The third set of experiments was,
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therefore, carried out to investigate the water vapor pressure
effect on the FCP rates. The data are shown in Figure 5. The
da/dN variation, with respect to the water vapor pressure,
shows a rise in the FCP rate at around 100 Pa water vapor
pressure. The fractured surfaces of the particular test speci-
men were examined in an SEM (Figure 6). It is quite evident
that a transition in failure mode is present. The vacuum FCP
was by interfacial splitting, while at the point of introduction
of humidity, a tendency toward fiber splitting is visible. The
fiber splitting process is not total, but represents approxi-
mately 50 pct of the fracture surface. Since there is a rise in
the FCP rate at the transition point, the fiber splitting can be
linked to the increased FCP rate in humid air at R = 0.1.
This possibility will be discussed further.

1
w AK= 16.5 MPa/m
® AK= 13.2 MPav/m
10-21
e
*
10-3
»* ™
#»*
da/dN 10-4
mm/cycle
™
o
10-5 P
10-% 1 100 10°

PRESSURE (Pa) ——e

Fig. 5— Variation of the FCP rates for the BORSIC/Ti-6Al-4V transverse
specimens with respect to the water vapor pressure at R = 0.1 and con-
stant AK.

B. Fatigue Crack Closure: The Load Ratio Effect

Although the strong humidity effect on the FCP behavior
of the titanium MMCs was confirmed by fractographic analy-
sis, some interesting questions remained unanswered. It
has been stated earlier that some humid air FCP specimens
showed fiber chipping in addition to fiber splitting. This
suggested a possible hammering or a crack closure effect.
Fatigue crack closure is a result of the residual plastic defor-
mation left at the wake of the crack tip. This closure effect
can set up stress fields on the fiber. Also, since the speci-
mens were very thin, some mode 11 stresses are expected to
act on the fibers during the lower part of the fatigue cycle
during closure. In other words, the fiber splitting mecha-
nism seen for FCP in humid air at R = 0.1 could be a result
of an environmentally induced fatigue crack closure.

In order to verify this possibility, FCP experiments were
done in humid air at an R of 0.5. At this load ratio the
crack closure effect is minimal. Fractography showed that
(Figure 7) although the R = 0.5 FCP was in humid air,
the failure was predominantly by interfacial splitting and
not by fiber splitting. This pointed to the possibility of an
environmentally induced fatigue crack closure effect in-
fluencing the mode of failure.

In order to confirm the R effect, experiments were done
in humid air on a single transverse specimen at two different
R values. The fatigue crack was initially grown at R = 0.1
and then at R = 0.5. Fractography was then carried out to
check for the transition in failure modes (Figure 8). Al-
though a clear-cut fiber splitting to interfacial splitting tran-
sition is not seen, the two different failure modes (fiber
splitting at R = 0.1 and interfacial splitting at R = 0.5) are
visible. Another experiment was done on a transverse speci-
men where the fatigue crack was initially grown at R = 0.5
and then at R = 0.1. Here again, the two different failure
modes are seen (Figure 8(b)). An interesting thing can be
observed in Figure 8(b). The fibers in the R = 0.5 region

VACTHM

133 Pa Water Vapor Dressure

Fig. 6 — Fatigue fractured surface of the transverse BORSIC/Ti-6Al-4V specimen showing the transition in
failure modes. Interfacial splitting in vacuum to about 50 pct fiber splitting in 133 Pa water vapor pressure.
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L
1335} o 300 o
= B
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e
~' "—-,‘ d
* 100
- b s [
S Fig. 7— Fatigue fractured surface of the BORSIC/Ti-6A1-4V specimen at
i v R = 0.5. The FCP was in humid air.
NS are cracked (not split), unlike the case when the FCP was .
entirely at R = 0.5. This suggests that when the loading was Dlsplacemelﬂ

changed to R = 0.1, the fibers started fracturing. The crack
closure-induced mode III stresses started acting on the fibers
resulting in the fiber cracking near the crack tip.

The fatigue crack closure measurements at R = 0.1
showed substantial crack closure load (Figure 9), while one

Fig. 9—Fatigue crack closure curves for the as-received B,C-B/
Ti-6Al-4V transverse specimens.

R = 0.1 is established in Figure 10. A very small amount of
closure was noticed for N, gas environment while intro-

at R = 0.5 showed little closure. The effect of humid air at duction of humid air in the environment chamber increased

- —
ol Vol
w S
vy
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e vy
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s ’ ) . "
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ST - IR B oA P g
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Fig. 8 —Fatigue fractured surfaces of the B,C-B/Ti-6Al-4V specimens at R = 0.1 and 0.5 in humid air.

R=0.1
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Tablel. Modes of Failure Observed for the
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Fig. 10— Fatigue crack closure curves for the B,C-B/Ti-6A1-4V trans-
verse specimen in dry N, gas and humid air at R = 0.1.

the closure load. A further increase was noticed when the
crack was grown. These experiments confirmed that signifi-
cant amount of crack closure is observed at R = 0.1 and in
humid air. This can be due to the formation of the oxide
layer and the mechanical strengthening of the asperities."”
Therefore, a combination of humidity, high closure loads,
and mode III stresses seems to be responsible for the fiber
splitting in humid air at R = 0.1.

From the earlier discussion, it is evident that depending
on the loading conditions and environments, either fiber
splitting or interfacial splitting is observed in the titanium
MMCs. Those conditions and the corresponding failure
mechanisms are listed in Table 1. Fiber splitting is ob-
served when a combination of humid air, mode 111 stress,
and R = 0.1 loading is present. If any one of these condi-
tions (i.e., crack closure, humid environment, or mode I1I
stresses) is missing, interfacial splitting is observed.
It’s important to note that the relative ability of these
individual conditions to influence the failure mode is not
known. It is suggested that the interfacial path of the crack
is changed when a combination of humidity, crack closure,
and mode III stresses is introduced. The fracture of the
brittle fiber will be followed by the surrounding matrix and
the FCP will be faster.

IV. SUMMARY AND CONCLUSIONS

Room temperature mixed mode fatigue crack propaga-
tion studies were carried out on the as-received B,C-B and
BORSIC fiber reinforced Ti-6Al-4V matrix composites.
Effects of gaseous environments on the FCP properties were
investigated. Load ratio and fatigue crack closure effects
during mixed mode fatigue crack propagation were also
studied. The following conclusions were reached:
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Mixed Mode (& = 45 and 90 deg) B,C-B and
BORSIC Reinforced Ti-6A1-4V Specimens for
Different Environmental and Loading Conditions

Specimens — As-Received *Heat Treated
Testing method
(from References 3,4)
TENSION Interfacial splitting Interfacial splitting
¢ Humid air Fiber splitting Interfacial splitting
R =0.1
Humid air  Interfacial splitting
R =05
FCP . -
Dry N;or  Interfacial splitting
Vacuum
R =0.
Fast Interfacial splitting
\_fracture

*A 500 °C-7 day heat treatment was given to the as-received specimens.
The treatment was done for vacuum, as well as for the air environment.

1. Humid air mixed mode FCP rates for the titanium MMCs
were greater than the dry environment (vacuum and dry
N, gas) FCP rates at R = 0.1. The effect was substantial
for the transverse and the 45 deg specimens.

2. The variation of the FCP rate at constant AK and R = 0.1
with respect to the water vapor pressure showed a rise in
the FCP rates at about 100 Pa water vapor pressure. A
transition in failure mode was seen from interfacial split-
ting in the vacuum to fiber splitting in the humid air at
100 Pa water vapor pressure.

3. At R = 0.5 in humid air, the FCP was by interfacial
splitting.

4. Significant fatigue crack closure was observed for the
humid air FCP at R = 0.1. Small amounts of crack clo-
sure were measured for the FCP in dry N, gas atR = 0.1
and for the R = 0.5 FCP in the humid air.

5. The failure mechanism for the mixed mode FCP of the
as-received titanium matrix composites in humid air at
R = 0.1 was fiber splitting. For all the other conditions
(heat treatments, dry environments, R = 0.5, and the
tensile fracture) the failure was by interfacial splitting.

6. The fiber splitting resulted in faster FCP rates.

7. The relative abilities of fatigue crack closure, humidity,
and mode HI-type of stresses to influence the failure
mode are not understood.

LIST OF SYMBOLS
a crack length
d diameter or residual displacement

da/dN fatigue crack growth rate

E Young's modulus

E\,E, axial and transverse modulus, respectively

G strain energy release rate

G,.Gy G for mode I and mode II loading, respectively
G, critical strain energy release rate

Gr failure strain energy release rate

AG  range in strain energy release rate
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K,k stress intensity factor

K1, Ky K for mode I and II loading, respectively
K. failure stress intensity factor

AK  range in the stress intensity factor

LL length

m exponent

N number of cycles

P load

AP  range in the load

r radius

R load ratio (Poin/Prs)

MMC metal matrix composites

FCP fatigue crack propagation

0 fiber orientation with respect to load axis
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APPENDIX E

INFLUENCE OF INTERFACE DEGRADATION AND ENVIRONMENT
ON THE THERMAL AND FRACTURE FATIGUE PROPERTIES OF TITANIUM
MATRIX/CONTINUOUS SiC FIBER COMPOSITES

- Y.H. Park and H.L. Marcus

Mechanical Engineering/
Materials Science and Engineering
The University of Texas

Austin, Texas 78712

Summary

Interface degradation from thermal cycling in the environments such
as vacuum, air and sulfur was investigated using SEM fractography and AES.
SEM fractography shows that thermal fatigued specimens produce more damage
to the fiber interface than isothermally treated specimens. Liquid nitro-
gen treatment before thermal treatment gave a consistent result due to the
reproducibility of the initial condition of the samples. Based on an
elastic solution, the interface stress was estimated and at room tempera-
ture, the stress state was tensile with a value of approximately 100 ksi
after thermal cycling between 550°C and RT. From the sulfur environment
expgrimﬁnts, the interface diffusion coefficient was found to be about
107° cm“/sec and the sulfur concentration vs. distance is expressed as
nCg = kx.
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- Introduction

Il Filamentary metal-matrix composites have generated a considerable

e amount of interest in the materials field because of their potential appli-
cations in dynamic structures. A metal-matrix composite system (MMC) car-

e ries certain potential advantages over other non-metal containing composite

o systems. High strength, modulus, toughness, reproducibility of properties,
surface durability, and Tow notch sensitivity when compared to non-metal

- matrix composites are just a few of these potential advantages. The MMC

: systems are characterized by heterogeneity, anisotropy, strengthening by

" Toad transfer and interfaces. In order for the full potential of these

systems to be used, a better understanding of the above-mentioned effects

5 must be acquired. While analytical tools like stress analysis and linear

= elastic fracture mechanics are useful in understanding the mechanical pro-
perties of matrix and reinforcement together, they cannot be used directly
to find out the effect of interface properties on the mechanical response
of the system.

. Studies have been done to obtain tensile, toughness, and fatigue pro-
= perties of various MMC systems. Early investigations in fatigue were
r limited to cyclic stress strain behavior (1). Limited studies have been
done on fatigue behavior in environments as a function of temperature.
Composite materials present a variety of compiex problems in thermomechanical
behavior due to differences in properties of matrix and reinforcement.
Recently published work (2-7) has treated the case of thermal cycling of
. composites consisting of elastic reinforcement and a plastic matrix in order
! to analyze the distribution of stress and strain, obtain expansion proper-
Co ties and investigate possible damage mechanisms. Thermal cycling will
obviously be important in many elevated temperature applications. It is,
therefore, necessary to know more about the thermal fatigue properties of
MMCs and to relate them to the interface chemistry. Better understanding
_ of this relationship can assist in improved composite design and advance-
[ 4 ment in processing of composites.

The purpose of this investigation is to study the interaction between
environment and the metal matrix-fiber interface in MMCs and how this inter-
action influences the overall performance of the materials under thermal e
cycling. il

A group of the most prom1s1ng of the current MMCs are SiC, B$C and
Borsic continuous fibers in the Ti-6A1-4V titanium alloy (8-9). The prob-

.
-

2%
lems associated with the nterface are some of the more significant in the }:é:
potential application of these MMC systems. ;351

: Wy

-

Experimental ]
. h

Materials
-\ -
The material used in this study is the SiC fiber reinforced titanium ;ﬁ_
3+5 alloy (Ti-6A1-4V) matrix composite system. Some of the SiC was on a N
graphite substrate fiber. Fiber volume fraction was nominally 40%. The oy
diammter of the fibers was about 150 u. Four ply panels of 0.033 inches e
. J& om) were used in the mechanical test. Tensile test and Auger elec- oy
tron microscopy (AES) specimens were cut from the panels by electro- S
: » marqe machine (EDM) and polished 1.25 inch (3.2 cm) long by 0.25 inch -
¢ m or 0.125 inch (0.32 cm) wide. Samples were tested in both the iij,
a4 P A bevpmmrviAvne A mAadAa "'.'l—
I . ‘:.r
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Experiments Bt

1. Isothermal and Thermal Fatigue Tests. Specimens were either iso- NN
thermally aged at 550°C or thermally cycled between RT and 550°C. The maxi- .
mum temperature of 550°C was chosen because this approximately represents F;;_
the upper potential temperature for application of titanium matrix com- s
posites. Heating was done in the electrically heated alumina fluidized bath R
and cooling by removal of the sample from the furnace combined with forced %
air cooling. A complete cycle was 12 minutes with five minutes for heating
or cooling and the remainder for transport. (See Figure 1.)
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Figure 1 - Typical temperature change during
thermal cycle.

(5 mir for heat or cool) T

N Experiments were also made on samples sealed in a pyrex glass tube in AR

« . the presence of sulfur vapor and in vacuum. These samples were also ther- oy

. - mal fatigued as described above. The possibility of sulfur degradation of DE,

v the titanium metal matrix composite was investigated to simulate an aggres- Sy

3 sive operational environment containing sulfur. The oxygen containing
K environment was established by cycling in air.

. 2. Tensile Test. A1l mechanical tensile tests were performed on an
Do Instron at a cross-head speed of 0.5 mm/min. " Titanium alloy tabs were
e glued to both ends of the specimen to prevent premature fracture of the :

specimen. The samples were smooth and unnotched. A minimum of two speci- >

- mens were tested for each condition and the results are the average.
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3. AES Analysis. The MMC composites were fractured in-situ in a
P vacuum of 10- 1V torr (1.3x107° Pa). Auger mapping of the fracture surface
2 was made to see the elemental distributions. Several points on the inter-
). face were selected for AES and then the surface was Argon-ion sputtered to
- determine the depth profile of the various elements at the interface.
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Results and Discussion

A

. g
L
.

In an air environment, the longitudinal fracture strength was lower
for the thermal cycling specimen than for the as-received or isothermally
aged specimen (10). (See Figure 2.) Metallography shows a thicker inter-
face reaction layer for thermal cycling a specimen for a ten day exposure
in air resulting in the formation of an alpha case in the titanium matrix
eround the fibers. An effort was made to minimize the composite degrada-
tion due to long thermal treatments in air. The fracture morphologies of
the matrix from all conditions were similar.
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T . notch (a)
E r
8 Figure 2 - Fracture strength vs. angles
SO between fiber and notch (o) for thermal
Sl fatigued at 550°C and 750°C. (i) As-
) received; (1) TF 550, 10d; (2) TF 750, 10d.

- - The interface fracture mode showed differences in different envi-

- ronments and thermal conditions (Fig. 3a, b, c). For some cases, the
S . fibers were broken and the interface was branch-cracked. The interface
S was investigated by AES to see how the interface chemistry is modified and
. it was found that the oxygen was present over the interface (Fig. 4).

g !E To establish if there was a variation in oxygen distribution due to e
. cyclic or isothermally treated fracture surfaces, Auger mapping techniques il
- were employed. It was shown that oxygen in the specimen thermal fatigued N
. in vacuum was distributed throughout the fracture interface on the matrix oal
A side. In the vacuum isothermally treated case a low oxygen content was o
' observed over the fracture surface. Similar Auger maps were obtained for =
- samples thermally cycled in the air. Much higher concentrations of oxygen

o, - ;

N

N .

z

IR

A Figvie 3(a) - As-received Ti-6A1-4V/SCS (trans- -
-, L verse) SEM fractography, unnotched. ey




Figure 3(b) - Thermal cycled in sulfur environ-

% ment Ti-6Al1-4V/SCS (transverse) for one day,
N unnotched.
rw -
. K Nl
-* .\n
S Figure 3(c) ~ Thermal cycled in sulfur
N enviromment T{-6A1-4V/SCS (longitudinal);
N unnotched.
3o
S
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t o S
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5 o e
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'j:: Figure 4 - AES sputtering results on matrix- I':-':::
side and fiber-side interfaces for thermal T
! fatigued samples (550°C-RT, 10 days). All =T
> others include isothérmal heat treatment. q“_-:*
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 thickness of thermal cycling is larger than that of isothermal treatment.

were found in the broken fibers and in some matrix areas. Oxygen was
present on the interface portion of the fracture surface for the isothermal
case but not on the fracture surface through the matrix. It was at lower
levels than for the thermal fatigued samples. This increase in fiber and
matrix damage indicates that thermal cycling is much more deleterious than
isothermal exposure.

It is, therefore, concluded that the interface degradation is mainly
due to the diffusion of oxygen down the interface. Damage enhanced diffu-
sion by thermal cycling is also supported from the fact that the oxide

The room temperature fracture surface of the transverse direction
sample thermal fatigued in a sulfur environment showed the crack propagated
along the interfaces. Branch cracks into the matrix side of the interface
were observed in the presence of sulfur. When the extent of the branch
cracking is measured relative to the free end and compared to the sulfur
analysis, it was found that the sulfur rich area along the interface
extended as far as the branch cracks. Those branch cracks were not found
for isothermally exposed specimens or for the thermal fatigued specimens
beyond the sulfur diffusion distance.

To determine the origin of the enhanced degradation of the interface
from thermal cycling, the thermally induced stress state due to the dif-
ference of thermal expansion coefficient between the Ti-6A1-4V matrix and
the SiC fibers was analyzed as follows. A plane strain elasticity analy-
sis (11) that had been derived earlier (12) to explain the matrix deforma-
tion due to thermal stresses is used as a basis for the model. The model,
shown in Fig. 5, treats the fiber of radius a and its surrounding shell of
matrix of outer radius b as an independent entity. The subscripts m and f
denote the matrix and the fiber respectively. v is the poisson's ratio,

a the coefficient of expansion, E the Young's modulus and AT the tempera-

ture cycling range.
f//]iﬁi\\\

matrix

fiber

——
%

|
|
!
K

~

:/./; \\ k&n
NN

Figure 5 - The model of a unit com- :._.._.:_;

posite of a fiber and a matrix shell. ]
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Poritsky's elastic solution gives the principal thermal stresses in the o
matrix as: : o
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o The room temperature stresses due to the thermal cycling of a Ti-6A1-4V/SiC :
S compos ite system between RT and 550°C are calculated to be 0p=-56.3 ksi,
- l 09=101.4 ksi, and 07=102 ksi. During thermal cycling it is the cooling
cycle that produces the major thermal fatigue damage. The reason is that R
: the cooling cycle induces longitudinal and tangential tensile stress in the i
R matrix. During the heating cycle, the stress states are reversed and are ‘ NS
N small due to the elastic behavior (Fig. 6). S
* K From the above argument, it is reasonable to propose that tensile =
oy stress states are induced for every cycle in the matrix side of the inter- e
- face whose magnitudes are estimated from Poritsky's elastic analysis. O
:_: stress :f..::". ‘
I S — _ccno )

= matrix fiber —-—- T=550°C -

- S distance AR
e T=RT e
: . e
. i
3 e
N - o
o interface :‘:-\
S Figure 6 - Schematic representation of -
A L‘ stress variation with temperature near =
3 the interface. "
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Cyclic tensile stress, now, combines with environment to speed up the forma- '=§1
tion of oxide or sulfide and degrade the interface.

To ensure a reproducible stress state during the thermal cycling, the

specimen was quenched to LN, temperature for five minutes. From the cal- Y
culation based on thermal expansion difference with Poritsky's solution and et
the composite fabrication temperature of 800°C with no stress at the inter- )
face at 800°C, the room temperature interface stress was estimated and shown b

in Fig. 7 (14).

-200 0 200 400 600 800(°C)

e

250 s = 10x107%/°C
quenching from 800°C to LN, . e
200 T
. \&— 0= A0AT
100f  oy(m N

w
(=]
)

Yield Stress for Annealed Sheet (ksi)
G
o

-400 0 400 800 1200 (°F)

SN
Temperature ) Ko
Figure 7 - Effect of temperature on the ot

tensile yield strength of annealed Ti-6Al
-4V sheet (dotted) (14).

The diffusion of sulfur can be formulated as follows. The distance
from the end of the specimen to the 1imit of detectable sulfur down the
interface is the diffusion distance of sulfur (Fig. 8). The sulfur was
detected along the interface using AES. The measured diffusion distance o
was approximately 400uy after 24 hrs thermal treatment. A diffusion coef- ot
ficient was estimated from the one-dimensional diffusion equation with an :
infinite source at_the boundary (13). This gives a characteristic diffu-
sion d1stance, x=/Dt. Diffusivity was then calculated to be on the order
of 108 cm?/sec implying interfacial diffusion. In the isothermal experi-

ment with the sulfur environment at temperature for four times the tempera- iﬁf
ture period in the thermal fatigued case much less S is diffused down the AR
boundary as shown in Fig. 9. SEM fractography also confirms the sulfur -

effect by showing the branch cracks. The branch cracks extend an equiva-
lent distance to the AES sulfur detection distance as discussed earlier.

When the sulfur analysis was made its concentration decreases mono-
tonically as the distance from the edge. The plot of logarithm of sulfur
concentration vs. distance gave a straight fitting, shown in Fig. 10 and
the following expression is appropriate.

JLnCS = kx :‘:‘.
This is the expression for diffusion in a semi-infinite medium, x>0, when
the boundary is kept at a constant concentration and the initial concen- e
tration throuchout the medium is zern. A
B o I R N A R N R N SRR PR




Figure 8 - Thermal cycled in sulfur environment
Ti-6A1-4v/SCS (transverse) for one day; magnified
the cracks from thermal fatigue, unnotched.
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Figure 9 - AES analysis of sulfur along the
matrix-side interface.
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Figure 10 - Logarithmic fitting of sulfur con-
centration along thk> matrix side interface.

- More rigorous analysis is now in progress. In the literature, no
quantitative analysis of the thermal cycling and its effect on the inter-
face damage in the MMC system is available.

Conclusions

Interface degradation from thermal cycling in the environments such as
vacuum, air and sulfur was investigated using SEM fractography and AES.
SEM fractography shows that thermal fatigued specimens produce more damage
to the fiber interface than isothermally treated specimens. Liquid nitro-
gen treatment before thermal treatment gave a consistent result due to the
reproducibility of the initial condition of the samples. Based on an
elastic solution, the interface stress was estimated and at room tempera-
ture, the stress state was tensile with a value of approximately 100 ksi
after thermal cycling between 550°C and RT. From the sulfur environment
expgrim nts, the interface diffusion coefficient was found to be about
10-° cm¢/sec and the sulfur concentration vs. distance is expressed as
anC_ = kx. :

s
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APPENDIX F

FATIGUE CRACK GROWTH BEHAVIOR OF Ti-6A1-4V METAL
MATRIX/CONTINUOUS SiC AND B4C/B FIBER COMPOS ITES

Y.H. Parkl'i

H.L. Marcus
Dept. of Mechanical Engineering/Materials Science
and Engineering, The University of Texas at Austin

, D. Narayenl, M. Schmerling3 and
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:TQ Abstracts
s n The fatigue crack growth (FCG) behavior of S$iC and B4C/B

- reinforced Ti-~6A1-4V metal matrix composites loaded in the
. transverse direction as a function of modifications of the interface
| - between the fiber and matrix was studied. The interface chemistry,
modified by sulfur diffusion during thermal cycling treatment,
B changed the FCG in air, dry ﬂz and hydrogen environments when
- compared with the as-received specimens.

The FCG rates tend to be higher in humid environment. The SEM
fractography indicates that the FCG in humid air was by an increased -
amount of fiber splitting. The FCG in dry N 2 environment was more

[ often by interface debonding with some fiber splitting and fiber
fracture. The FCG rates in dry hydrogen for both as-received and
- heat treated specimer{s were intermediate between the observed rates
v ' for dry N2 and humid air.

- During FCG in lab air, the sulfur enriched interface of the

specimens thermal cycled in a sulfur environment reacts with the

I M
2
i

X humidity in air to degrade the interface cohesion resulting in

. complete separation of the interface from the matrix and the fiber
- at low strains. This inability of the interface to sustain any strain
further increases the FCG rates in the matrix. The results demonstrate
the interface does transfer load during fatigue cycling in either

an inert environment or if the interface has a minimal amount of

o . Y I3
.o impurities.
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Introduction

The fatigue behavior of metal matrix composites (MMCs) differs .
from that of unreinforced metals in several ways. MMCs exhibit

various failure modes such as debonding of the interface between

the fiber and the metal matrix, fiber splitting, fiber fracture,
matrix fracture, which occur independently or interdependently. o

~:’p_ecause of their high strength to weight ratic, high modulus ' ffﬁ
anénéoughness, titanium MMCs have long been considered for applications :ii
in dynamic structures. However, like other MMCs titanium MMCs are

characterized by anisotropy, heterogeneity and interface. Tensile

properties of titanium MMCs reinforced with contiuuous Sic, Borsic o
and B4C/B fibers have been studiedl_3 and the results indicated ;;Q
that the mechanical properties are dependent on the interface or the
reaction zone between the fiber and the metal matrix.

In this study, various experiments were performed to study the effect

of temperature and other environments on the interfaces and the ——

mechanical properties of the titanium metal matrix composites reinforced ;:¢
with SiC and B4C/B fibers. ;gg?

The mechanical properties studied are transverse loading residual g
strength after thermal exposure and fatigue crack growth (FCG) :T?
under Mode I loading after thermal treatment. The condition ;%;

of the matrix-fiber interface as a function of the above treatments
was characterized with both scanning Auger microscopy (SaM) and
scanning electron microscopy (SEM). The fiber interface chemistries
were modified by thermal treatment in oxygen and sulfur bearing

environments.
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The metal matrix composite (MMC) systems used in this study were

LA A S N

g SiC or B 4C/B continuous fiber in a Ti-6Al1~-4V alloy matrix.
, .
- The composite panel was four ply, approximately 0.84 mm thick. ..

The composite has a fiber volume fraction of about 40 % with

a diameter of 150 pm, Detailed specimen preparation appears in
Ref, 4.
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Heat Treatments -

With the intention of studying the effect of a modified interface

| on the fatigue behavior and failure modes of the titanium MMCs, ""
_:l . heat treatment in the sulfur environment was employed. Specimens r
:_f‘ . were thermal cycled 1n a sulfur rich atmosphere between 25°c and \
3 l 550°C in a fluidized bath furnace filled with alumina particles4, :
- T An automatic timing device was used to maintain heating and cooling
-_ng periods of five minutes at each temperaturfa. All specimens were
placed in pyrex tubes with dry powder sulfur, evacuated to a __‘

| B pressufe of ‘10-5 torr and sealed. Thermal cycling was carried out *‘
for a period of 84 hrs. for a long suliur diffusion distance4.

= Fatigue Crack Growth (FCG) Testing :
-— All FCG testing was performed on transverse specimens. Edge
notched specimens with an initial notch length, the specimen width -

‘; and the specimen length of 6, 25 and 62.5 mm, respectively’ EE
were used. Aluminum doublers were glued at the ends using an ;\

epoxy glue to prevent load point failure. Fatigue cycling was 'c_:

performed on an MTS closed loop electrohydraulic system in the E:

‘ L tension-tension mode, between 20 1b and 200 lb at a frequency _r
of 2 Hz. PFatigue crack growth was monitored
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visually with the aid of several equidistant vertical lines normal
E to the notch inscribed on the specimen surface. Stress intensity
5 . .
n calculations showed the thickness requirements for the plane

strain FCG testing, as specified in the ASTM Standardss, could

e de e e
.
'

g only be satisfied up to a K value of 11 MPa(m)%. Actual K values

I ranged from about 0.9 to 27 MPa(m)%With a load ratio of 0.1.
-

r' . -

The first set of experiments was perforred on both as~received

and heat treated transverse specimens in laboratory air of

approximately 50 % R.H. In addition, to study the effects of gaseous

environments on the FCG, experiments were also performed in

atmospheres of dry nitrogen and dry hydrogen. For this purpose,

a high vacuum system (sorption and ion pumps) connected to an

enviiogﬂentAchamber was employed. The chamber was evacuated to

5 x 10 Pa ( 4 x 10~ g torr) and backfilled with the gas of interest.
Finally, all the fatigue fractured surfaces were viewed in

a JEOL 35 SEM to determine the failure paths and mechanisms and

the effects of interface modification and gaseous environments on

the failure mode. Multiple specimens were run in each set of

experiments to permit duplication of results.
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Results and Discussion

FCG for Sic/Ti-6Al-4V Composites

The first set of experiments was carried out on both
as-received and thermal cycled SiC/Ti-6Al1-4V specimens in lab
air of 50 % R.H. It was observed that the rate of crack growth
in the heat treated specimens exceeded that of the as-received
;pecimens slightly, indicating that the thermal cycling in
sulfur environment may be instrumental in degrading the fatigue
resistance. The as-received specimen showed the presence of both
fiber splitting and interfacial debonding while the heat treated
specimens exhibited only interfacial debonding. These observed
fracture modes are in agreement with Mahulikar's5 results for
Borsic/Ti-6A1-4V composites, where he noticed a transition from
fiber splitting for the as-received condition to interfacial
splitting for the heat treated condition.

To investigate the effect of different gaseous environments on
the FCG and failure mode, room temperature experiments were
performed in dry N2 gas. Both the as-received and thermal cycled
specimens showed considerably lower FCG rates in N2 than in
humid air (Figs. 1 and 2). This observation indicates that it is
the reaction of sulfur with humid air, more than likely the |
dissociated hydrogen,that results in further degradation of the
fiber matrix interface andconsequent reduction in fatigue
crack growth resistance. The presence of an inert atmosphere
such as nitrogen renders the sulfur from the thermal cycling
treatment relatively ineffective in increasing the FCG rates (Fig. 2),
Fractography on both sets of fracture surfaces revealed the
presence of fiber splitting. This is in contrast to Mahulikar's5
results for Borsic/Ti-6A1-4V where fiber splitting was seen only
in humid air. The difference can be attributed to better fiber

matrix bonding in the SiC composites or that the SiC are more

brittle than the Borsic fibers, causing fiber splitting in
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preference to debonding from the matrix.

The third set of experiments was performed in dry gaseous H2
to evaluate the hydrogen effect. The FCG rates of both the as-received
and thermal cycled specimens were intermediate between the
observed rates for dry N2 and humid air. (Figs. 1 and 2).

The heat treated specimens slightly exceeded that of the as-received.
Fractography revealed the presence of some fiber splitting in each
casé, which can be explained by reasoning similar to the dry N2 case.

In all cases the fiber direction along the interface or
through the split fibers was found to be the least resistant path
for the FCG in the transverse specimens. In the case of mixed mode
loadings, the FCG was in the direction of the fiber, indicating
that the direction of the fiber-matrix interface was the least

resistant path for crack propagation.

C i-6A1-4V osit
FCG for B .C/B/Ti-6Al composites

Figure 3 shows the results for the FCG tests in a transverse
direction for as-received B4C/B/Ti-6Al-4V specimens and then
cyclically loaded at a load ratio of 0.1, in lab air and in
gaseous nitrogen. FCG data for the annealed Ti-6Al-4V alloy in
air is also included for comparison. The FCG of Ti-6Al-4V alloy
in air and inert dry argon at room temperature yield almost
identical cyclic crack growth rates7.

When the data are presented in a da/dN vs. 4K plot, as shown
in Fig. 3 it is clear that the stage II FCG of the composites along
with a Ti~-6Al1-4V alloy can be expressed by Paris' law

da/dN o AK"

The slope (m) is identical for the Ti-6Al-4V alloy and the compoéites
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. tested in the transverse direction. The results for composites show
.3; little difference in FCG between this study and Mahulikar's>.

The fractography, shown in Fig. 4, indicates that the FCG in humid
air was by an increased amount of fiber splitting as reported here

and from Mahulikar'ss. FCG in dry N_.environment, on the other hand,

2
was more often by interface debonding with some fiber splitting

v e

and fiber fracture (Fig. 5)
f . *Specimens thermal cycled in sulfur show higher FCG rates in lab
air than the as-received sulfur free specimens. The slope (m) is
greater for those specimens. When sulfur is at the interface
following thermal cycling in the sulfur environment, the FCG rate
in humid air increases and is accompanied by interface debonding.
SEM fractography in Fig. 6 shows well-defined interface debonding.
The FCG results for the samples thermal cycled in a sulfur

environment and tested in dry N_ gas indicated a slight decrease

2
in growth rate with thé same slope as the dry N2 FCG rates of the
as-received specimens. The fractography of N_ tested sulfur

2
enriched B4C/B/Ti-6Al-4V composites, shown in Fig. 7, shows fractare

modes such as fiber splitting, fiber fracture and matrix fracture
similar to those. for FCG in N2 of as-received specimens. This
similar fracture mode correlates with the similar valve of m with

the as-received specimen.

When 4K is normalized using the rule of mixtures with the

elastic modulus of the respective materials ( E

composite= 140 GPa
(20x106 psi), E

Ti= 116 GPa (16.8x106 psi)) to have comparable crack

opening displacement (COD)8, the composite FCG 1is even greater than

that of Ti-6A1-4V matrix with the slopes (m) virtually unchanged, i

.
RN AN

as shown in Fig. 8. The fiber directions along the interface or
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through split fibers are the least resistant path.for the transverse FCG.

’

This can be explained that the brittle fiber and interface is not carry-
ing much of the stress. If it is assumed that all the cyclic stress T
and COD are accommodated by the matrix material the equivalent AK/E

would translate the results to closely match the Ti-6Al1-4V results
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with the exception of the sulfur/humid air measurements. The amount
of translation of AK, will be 1.74K ., 8

tr composite
by matrix with a volume fraction of 60 % for the transverse specimen

(Fig. 9).

ince the load is carried

The sulfur enriched interface of the specimen thermal cycled in

sulfur reacts with the humidity in the air Quring FCG in lab air to
degrade the interface cohesion resulting in complete separation of
the“interface between the matrix and the fiber at low strains.
This inability of the interface to sustain any significant strain
further increases the fatigue c¢rack growth rate in the matrix. The
increase in the value of the slope may be due to the degradation of
the interface by titanium sulfides creating a volume of brittle

materials.

A Model of the Failure Mechanism for the Transverse FCG.

The results presented here demonstrate that the interface between
the matrix and the fiber does transfer load during fatigue cycling
in either an inert environment or if the i nterface has a minimal
amount of impurities. On the basis of the results of the experiments
described above, a model for the failure mechanism for the FCG of the
transverse titanium MMCs can be proposed. The model is schematically
shown in Fig. 10. Only the matrix deforms plastically. Due to the high
degree of anisotropy for the MMCs, the plastic zones are elongated in
the direction of the fibers. Thus the fibers in front of a sharp crack
can be assumed to be surrounded by a plastic sheath of the matrix.
During cycling loading of as-received materials in humid air, the
matrix plastically deformed under tension closes over the fibers which
do not deform plastically (Sifiber= 0). Wwhen the interface transfers the
load the fibers split as described earlier (Fig. 10).

In the case of the sulfur enriched specimen, fatigue cycling
in humid air reduced the cohesion of the interface due to hydrogen-

sulfur interactions. The stress is then totally carried by the matrix

and necking forms in the matrix 3along gjge of the interface between
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between the two adjacent fibers. This could be initiated from the
rough crack surface due to the interaction of the titanium sulfide
and the humidity in air. Such rough surfaces come from the radial
_‘_ and branch cracks, as shown in Fig. l1l. The fracture mode in the

vicinity of the fibers is totally interface debonding and the

fibers are undamaged as shown in Fig. 6.
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Summary and Conclusion

R The effect on the fatigue crack growth (FCG) behavior of the
- SiCc and B4C/B reinforced Ti-6A1-4V metal matrix composites (MMCs) by

the modification of the interface between the fiber and the matrix

by isothermal and thermal cycled treatments was studied. The thermal
cycling and isothermal treatments were carried out in environments _
of air, sulfur and vacuum. R

The FCG results demonstrated that the interface transferred the "
load during fatigue cycling in either an inert environment or if the L’;
interface has a minimal amount of impurities. In the case of the :
sulfur enriched interface, the humid air FCG environment reduced f;?
the cohesion of the interface resulting in the applied load being e
totally carried by the matrix. This led to an increased FCG rate &fﬁ
with a higher value of the Paris exponent (m). Without the -
enhanced sulfur at the interface the Paris exponent remained constant

although the FCG rate nominally increased in humid air environment.

L1 R A

§ ) The nonenvironmental FCG rate change is largely éxplainable.in ?I;
G - terms of the volume fraction of the matrix relative to FCG of the S
e monolithic Ti-6Al1-4V matrix material. ;
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Fig. 3. Transverse FCG rates for B,C/B/Ti-6Al-4V thermal
cycled in sulfur compared with the initial condition
and Ti-6Al1-4V plate.
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Fig. 4. SEM fractograph of FCG in air for as-received
B4C/B/Ti—6Al-4V, transverse.
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Fig. 5. SEM fractograph of FCG in dry N, for
= as-received B4C/B/Ti-6Al-4V,
transverse.
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Fig. 6. SEM fractograph of FCG in air for B C/B/
Ti-6A1-4V thermal cycled in 4
sul fur, transverse,
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FCG rates after the normalization of AK by
the elastic modulus, for B4C/B/Ti-6A1-4V composite.
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(a)

- plastically
| deformed matrix

B ;
. P

matrix

(b)

titanium necking
. sulfide layer (exaggerated)

P

o Fig. 10 A model for FCG fracture modes in lab air;

- (a) in as-received; (b) thermal cycled con-
had ditions.
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Fig. 11. SEM fractograph of SiC/Ti-6Al1~-4V composite
thegmal cycled in sulfur for one day up to

550 C, showing branch cracks along the
matrix side interface.
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L Interface Diffusion Studies in Titanium

Metal Matrix/Continuous $ic and B4C/B Fiber Composites

k [ Y.H., Park¥ D. Narayen and H.L. Marcus

Dept of Mechanical Engineering/Materials Science
Engineering
The University of Texas at Austin, Texas 78712

.. * now with Materials Research Corporation,
Orangeburg, New York.
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- Abstracts

This paper reports results of the interface modifications due to

thermal cycling treatments between room temperature and 550°C and iso-

thermal treatments at 550°C in/gaseous sulfur and air environments.

The interaction between the sultur environmgnt and the titanium metal
matrix (Ti-6A1-4V)/SiC and B,C/B fiber interface was evaluated in terms
of interface diffusfon. The diffusion down the interface was enhanced
under the thermal cycling conditions. The 550°C sulfur interface dif-

9 cm2/sec for the SiC com-

fusion coefficient was found to be 5x10°
posites and 7x10'9 cmzlsec for the interface diffusion in B4C/B com-

posites.

In addition to the diffusion down the interface; diffusion into

R} .

PN RN . .
T . o 4
P OO AL

the matrix was studied with combined scanning Auger microscopy

and inert ion sputtering. The rapid diffusior down the boundary was ﬁ?g;i
separated from the slow diffusion into the bulk resulting in two one- f%;;i
diménsional analyses. The sulfur diffusion down the interface was i;;j?
much larger than thal into the bulk, a 10° difference in diffusion igii}
distance. | ' L ‘ | f;ié%;
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Introduction

Unidirectionally reinforced metal matrix composites (MMCs)
have genereted a considerable amount of interest in the materials

field because of their potential applications in dynamic

structures. Ultra-high strength metals cannot supply the improved
high strength, rigidity, light weight and heat resistant properties
that are increasingly being required. A metal matrix composite
system (MMC) carries certain potential advantages over other e
- non-metal containing composite systems. High strength, modulus, Ll

toughness, reproducibility of properties, surface durability and

low notch sensitivity when compared to non-metal matrix composites

are just a few of these potential advantages. The MMC systems are

characterised by heterogeneity, anisotropy, strengthening by load

——
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transfer and interfaces. In order for the full potential of these
systems to be used, a better understanding of the above-mentioned
effects must be acquired.

1-
Studies 4 have been done to obtain tensile, toughness and

fatigue properties of various MMC systems., Limited studiess

have been done on the interface between the metal matrix and the 557;

- fiber in environments as a function of temperature. Composite L
: materials present a variety of complex problems in
thermomechanical behavior due to differences in properties of E}“i

matrix and fibers. Recent work6_11 has treated the case of thermal s :

! . cycling of composites consisting of elastic fibers and a metal F}ﬁﬂ

matrix in order to analyze the distribution of stress and strain, ?:é’

obtain expansion properties and investigate possible damage :ﬁf%
ii; mechanisms. Thermal cycling in various environments will obviously !' %
be immortant in many elevated temverature annlica*ions. It is, :;;
therefore, necessary to know more about the thermal fatigue ;E{.

properties of MMCs and to relate them to the nature of the interface.

.............
........
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Better understanding of this relationship can assist in imoroved

s composite design and advancement in processing of composites.
. The purpose of this investigation is to study the
Eﬁ interaction between environment and the metal matrix-fiber
- interface in titanium MMCs and the diffusion behavior of the

environmental elements under thermal cycling and isothermal

treatment conditions.
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Experimental Materials

‘ The metal matrix composite (MMC) systems used in this study
were 40 % by volume of SiC or B4C/B continuous fibers (diameter of
150,;m) in a Ti-6Al1-4V alloy matrix. The composite panel was

four ply, approximately 0.84 mm thick. The samples were evaluated

-

in the as-received con. tions and after the thermal cycling for
i various time over the temperature ranges of room temperature to
. 480, 530 and 590°C, or 480, 51 and 540°C.
r
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Experimental Evaluation of the Interface Chemistry

In order to investigate the chemistry of the interface
between the matrix and the fiber the Physical Electronics 590
scanning Auger microscop¥ (SAM) operating at a base vacuum of
2.6 x 10-8 Pa (2 x 10-10 torr) was used.

The specimens were fractured in-situ in the vacuum chamber
and several points in the fracture surface were selected, both
on the matrix and on the fiber side of the fractured interface.

The selected points were then argon ion sputtered to determine

the sputtered depth profiles for the elements identified at the
boundary. Auger profiles for the sputtered select points were
recorded and analyzed. The sputtering was done by 3 KeV argon

ion at 24 mA ion current with a raster size of 2 mm x 2 mm and

at 3.3 x 1()-5 Pa (2.5 x 10_7 torr) pressure in the samvle chamber.
The sputter depths were calculated by comvarison with standard
sputtering rates for titaniium oxide which souttered at avproximately
2 nm/min ( 8 x 10-'8 in/min) for the sputtering parameters used.
Using the combined Auger and sputtering data, diffusion and
kinetics studies were made for the specimens thermal cycled in

the air and in the sulfur environments and for samples isothermally

aged. The points were chosen from the exposed edge of the specimen
into the interior of the specimen on the matrix and fiber sides of the

interface. This allowed the interface diffusion kinetics tgzbe
determined. The Auger data was quantified using the method

described in the Appendix A.

...............
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Interface Diffusion Analysis

One-dimensional Diffusion Analysis

Lauan a0 0 sn e
SR — B

The sulfur peak-to-peak height on the matrix side of the

T
« v -
AN
. Tt

interface vs. distance from the end of the specimen for K

i SiC/Ti-6A1-4V composites is plotted in Fig. 1. As discussed in e

1 - Appendix A veak-to-peak (p/p) height, S (2) should be ;i 
s at y=0 )

3 converted to true concentration, Cs(z)at y=0" Since the sputtering ngf

X was carried out at only one location into the bulk, that is, at z = kﬁﬁ

z, the concentrations along the interface were obtained from the {;:

13
calculations using elementary sensitivity factors . All orofiles

show ever decreasing amounts of sulfur toward the inside of the ?5i5
specimen. The orofile of the specimen thermal cycled for one day ARARS
shows a high concentration of sulfur near the end of the specimen.
The plot of the logarithm of sulfur concentration vs. distance
displayed a linear dependence of the data for the thermal cycled
specimens as shown in Fig. 2. Therefore, the experimental
results can be expressed as

in Ss = kz, (1)
where Ss is the concentration of sulfur in the interface, z diffusion
distance and k the proportionality constant, When the concentration

of oxygen from samples thermal cycled in air is nlotted as

logarithm So against the distance from the end, the results

show a similar trend. Fig. 3 shows the combined results from

- - o . . o, B . . . By . . . e, - . .
! . -,' o "Jl"‘.‘ ‘." ".-" -\' TR AT > .‘I" . ) .'4'.‘ .‘-' -v‘..f\-' ./'.‘f\'-'..-': l. .-'\ ':-“ EACSNACAC AT I, ".‘-' £ 1. *, S
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sul fur and oxygen experiments. The slovpe is steeper for the
n sul fur environment, indicating enhanced sul fur reaction which is

expected due to the higher vapor pressure and corresponding activity
in the sealed pyrex tube, about 3.9 atm, at the maximum cycling
temperature of 550°C. It is also noted that the diffusion

rate of sulfur associated with thermal cycling is higher for the

SiCc fiber composite when compared with the B4C/B fiber composite

results.

- The characteristic diffusion coefficient of sulfur down the
interface was estimated based on the diffusion problem for a
semi-infinite solidl4. In this case the solution will have

: the form
! Ss(z,t) = Ss’ at z=0 (1 -~ erf(z/2(Dt)%)). (2)

The diffusion distance of sulfur is defined as the distance from
the end of the specimen to the location where the sul fur
concentration drops to half the initial concentrationls.

From Fig. 2, the diffusion distance is, then, 140 pgm from the

end of the free surface,

. C |
Agaln' — :[1 - erf(Z/Z(Dt)%ﬂo |
Cs

Then erf(z/Z(Dt)%) =1, |

2 1
Therefore, ———— = 0.477, giving z #& (Dt)=.
2(Dt)=

With 2z = 140 tm and t = 4.3 x 104sec, D is calculated to be
- 2
5 x 10 ° cm /sec at a maximum temperature of 550°C during thermal

cycling for SiC/Ti-6Al-4V composite. The oxygen diffusivity was
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f-f also calculated, based on the same arJument, to be 7 x 10_9 cmz/sec fffq

J K for B4C,/B/Ti-6A1-4V composite having 2z = 1704 m. The bulk

- diffusion coefficient of oxygen in titanium is about 10-14 cmz/secls.

o SEM fractography shows the presence of branch cracks on the

matrix side of the interface. The branch cracks extend an

equivalent distance to the AES sulfur detection distance (Fig. 4).

Ll am s e o

This implies that the interface cracking normal to the provagating o

main crack is associated with the thin but finite sulfide layer at

AR Al b o

- the interface as well as the sulfur enriched matrix.
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Two-dimensional Diffusion Analysis

In the last section, the diffusion phenomena was considered
as a unidirectional flow of sulfur through the interface from the
end of the specimen. The resultant diffusion expression was the
logarithm of sulfur concentration at the interface proportional
to the diffusion distance measured from the end of the specimen.
On the other hand, the sulfur diffuses into the titanium matrix
bulk normal to the interface. Therefore, the problem is a
two-dimensional diffusion of sulfur.

The interface is considered to be a thin layer of high
diffusivity area between the titanium matrix and the fiber.

The problem is to determine the concentration of solute in

a semi-infinite solid having a semi-infinite slab as the

interface of highly permeable material imbedded in it. The analysis
in the z-direction (along the interface) was made by getting

Auger spectrum on several points selected along the interface.

The y-direction was made by argon ion sputtering one of select
points ( at 150 um from the end of the specimen) into the matrix.

The diffusion profiles of the solute from AES analysis
indicate that the bulk diffusion is small compared to the diffusion
on the interface. The results of the sputtering by argon ion
show that the sulfur diffused into the bulk only up to 4 nm
for a one day thermal cycling. The solute diffuses up to 400 Mm
down the interface for the same period of thermal cycling, a
105 difference in the diffusion distance. This confirms that the
interface is in high energy state which provides high mobility
of the environmental elements. Under these conditions, the grain
boundary diffusion equation proposed by Fisher17 can be applied
to the present interface diffusion of sulfur in the environment
in the titanium MMCs.

Consider the interface to be a thin layer of high diffusivity

area between the titanium matrix and the B4C/B fiber. The interface

@

. A
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.



-,

CaaNChaES s e

122 —

can be considered to be approximately a plane ignoring the
curvature effects of the 150 tim fiber diameter. The model system e
is shown in Fig. 5. The problem is to determine the concentration
of sulfur in a semi-infinite solid having a semi-~-infinite slab

as the interface of highly permeable material imkedded in it.

The boundary conditions are:

C = Cs for z=0 and T Z¢

(3)
cC=0 for z)0 at t =0
Following Fisher's analysis17 . the differential equation which '7
is valid inside the interface slab can be obtained. Consider an
element of the slab which is dz long by Q thick by unit length 4
deep. The fluxes into, or out of, the faces normal to the y and :Jf
z axes are shown in Fig. 5. Any plane normal to the x-axis is a AR
symmetry plane, so Jx would be equal to zero. Then, i;t;
S IR
oC/at = (l/dzﬁ)(!(JZ’JZ'(?)JZ/az)dZ) - 2dsz) ’ L o
(4) o

aC/at = -3J /o2 - (Z/Q)Jy

Jy is the flux out of the interface into the bulk and can be replaced !
by -Db(aC/ay) with the gradient evaluated in the bulk just outside

the interface slab. An expression for Jz can be obtained if an inter- {

face diffusion coefficient Di is defined by the equation E ;f;.
Then, g%f:
—g—g B D‘i -z_j_g * Eg—b (%g)y=§ or y=0 (6) :‘::z::::

OQutside the interface, diffusion would obey the equation

.................... A
O A L S R R A I S

(3
LR S Y s " nVa
e g N gmg o g8y gt o " - gl " o~




b 20t ~Soen L ban Iven Mhen S auvis 2eee aren 4 PO ErE SEre - e e Buus Matee dhsve d P e e et e e T

______________________ Y tav T W] SR AT SN R TEr _,;\-::.::
i 123 i
D 2 22¢ e
: A-pvc=05 | (7) ;
0 L L
: ' The approximate solution of equations 6 and 7 is obtained as ;!
: ﬁ: follows based on several experimental observations. The interface g@?
- concentrations, at some point, as measured after two different :iﬁ
t
” aging times were within 20 % difference during the thermal S
cyecling treatment (Fig. 6). It was also observed that the diffusion ﬁif
R of sulfur into the bulk was very slow, f B
It can then be assumed that the interface concentration, Cb(y), 5;
is imposed on each slice at the slab not too far from the free sur- ;;;
face and held constant for the duration of the heat treatment. It is ?
I— } A
also assumed that the flux of solute in the bulk is normal to the i b
interface slab. Then the system can be replaced with a series of i
: 9
slices normal to the z-axis of thickness dz.
. o
| I‘ The concentration in each slice is then given by the equation, i —
% Cly,z,t) = C;(2) [1 - erf(y/2(Dt)*)] () win
!! " On integration by connecting the points of equal concentration in r———
this "sliced" model, ) 'i
27 o
c.(z) = Cexp [ Z ] R
T Giving
“
-z/2 Y -
- C(y,z,t) = Cexp [ z 101 - erf( )] (9)
- (] % b 2/ t
(mDyt)“(§0,/0;) b :
. {_ Here, the amount of solute in each of a series of slices dz thick
and parallel to the edge of the specimen will be Lo




M
[N

Clz,t)dz

Ci(z)dz /7 [l-erf(z—-!—t)] dy

C;(2)dz [constant] (to)

A plot of In C vs z then should give a straight line of slope,

-2
(D, t) (gD, /D,) "

This diffusion analysis conforms to the experimental results giving
|
a straight line fitting of In C vs z (Fig.g), Ffrom this relation-

ship, the bulk diffusion coefficient of sulfur was calculated to be

1x10'20 cm2/sec and that of oxygen was 2)(10'20 cm2/sec. The bulk

diffusion of sulfur measured from Fig. A2 gave the diffusivity
of 2 x 10-19 cmz/sec. These values are significantly lower
th;n in those in the literature where Doxygen= 0.45 exp( -48 Kcal/RT),
cm /sec., In this study, the interface consists of various complex
titanium compounds which will change the movement of oxygen.
The analysis indicated that the sulfur concentration decreases
exponentially with the diffusion distance, 1ln Cs = k'z, As
discussed previously, k' is the proportionality constant. The rapid
diffusion down the interface was separated from the slow diffusion
into the bulk resulting in two one-dimensional analyses. The
sulfur has negligible solubility in titanium of about 0.017 w/ole.

Sulfur form eleven different sulfides in the phase diagramlg,
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which results in the sputtering profiles showing continuously
‘ i decreasing sulfur content into the bulk. A plateau in the sulfur
| profile would be observed if thicker single concentration sulfides
existed in the interface layer, an observation made for measurements
close to the end of the specimen. The actual diffusion coefficient
f is for sulfur diffusing through a series of closely related
Tixsy structures.
- i -
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Temperature Dependence of the Interface Diffusion of Oxygen
and Sulfur in BIC/B[Ti-6A1-4V Composites during Thermal Cycling.

Temperature Dependence of Diffusion of Oxygen

T

From the diffusion study of thermal cycled specimens in the

. . o . .
air environment between 550 C and room temperature, the diffusion

AR AGGY  a
' .

of oxygen is concluded to be dominantly along the interface. .
In order to determine the activation energy for the diffusion
* = process measurements were made as a fuanction of cycling time,
%, 1, 2 days and maximum cycling temperatures, 480, 530, and 590°C.
Fig. 7. is a plot of the ln(p/p) height of the 510 eV oxygen

signal (KLL transition) as a function of heating time at various
maximum cycling temperatures at the position of 150 pm from the

end of the specimen. The slope of the line can be taken as the rate
(Ro) of oxygen diffusion along the interface from the end of the

y ‘ specimen during the thermal cycling. The rate equation can

be expressed by20

(rate) = (constant) x exp(-Ea/RT)

' " when there is only one thermally activated process.

The activation energy may be calculated from the data in Fig. 8,

by recognizing that the slope of the plot of log Ro vs. 1/T for

oxygen is, -Ea/2.303R, where Ea is the activation energy, R the

= gas constant. Ea for the diffusion of oxygen along the interface

in the titanium MMC was about 8 Kcal/mole. It has been reported

: that Ea for the diffusion of oxygen in single crystal titanium
& is about 48 Kcal/mole. In the present case, the Ea is for the

g - interface diffusion mechanism of oxygjen during the thermal

L cycling treatment.
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Temperature Dependence of Diffusion of Sulfur.

The activation energy for the sulfur diffusion during the
thermal cycling was obtained at the temperature range of 480 and
540°C. The AES measurements were the same as for those of the
oxygen environment. Fig. 9 is a plot of the logarithm of p/p
height of the 152 eV sulfur signal (LMM transition) as a function
of heating time at the position of 150 Am from the end of the
= specimen. The plot of log Rs vs. 1/T for sulfur is shown in Fig. 1l2.

The activation energy for the diffusion of sulfur along the
interface in the titanium MMC was about 15 Kcal/mole. It is
reported21 that Ea for the sulfurization reaction of titanium is
{ about 27 Kcal/mole. That of sulfur segregation in powdered titanium
is 15.5 Kcal/'rnole22 in the temperature range of 25 to 700°C.
The later case may have an interface controlling diffusion reaction
similar to that observed in this study. A least square fitting
. of the data for the isothermal treatment resulted in the almost
identical slope with that for the thermal cycling treatment as
shown in Fig. 2.
" Higher sulfur and oxygen concentration along the interface
for specimens thermal cycled show that the interface has a thin
but finite thickness and is a high diffusion path for the sulfur
and oxygen. The enhancement of diffusion for the thermal cycling
- treatment implies that thermal cycling itself plays a role in the

accelerated degradation of the MMCs. Due to differences in coefficients

=~ of expansion between the matrix and the fiber, temperature cycling
- will include cyclic elastic-plastic stresses at the interface. Isothermal S

treatment does not induce these cyclic stresses.
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Summary and Conclusion

‘ The interaction between the environment and the titanium
- metal matrix/siC and B4C/B fiber interface was evaluated in terms

of interface diffusion under the thermal cycling treatments.

Samples thermal cycled in air between RT and SSOOC for one
day had high concentration peaks of oxygen at the interface near
the exposed surfaces and diffused some distance into the interface.
The isothermal treatment in air does not significantly increase
the oxygen level on the interface. The reduction of longitudinal
fracture strength and the fracture mode change in the titanium MMCs

- are attributed to the higher amount of oxygen and sulphur environ-
| ments. Thermal cycled SiC/Ti-6A1-4V specimens showed a greater
amount of oxygen and sulphur in the matrix side of the fractured
interface and virtually none on the fiber side, showing the frac-
ture path to be between the sulfide or oxide and the fiber in the

interface. B4C/B/Ti-6A1-4V specimens had a strong TiB, peak on the

.

L 2

.

E" matrix side of the fractured interface. This indicates that the

j s fracture occured at the B 4c and TiB2 interface. The plot of logar-
SRS

: ithm of sulfur concentration vs distance measured from the end of
E - the specimen allowed a straight line fit to the data for thermal
e cycled specimens as follows : 1n Sg = kz .

P "~ Similar trend was also noted from the oxygen profile. Results

E'E from isothermal treatment also show a straight line relationsh-
E

S ip.

- The two dimensional diffusion problem was evaluated based
on the grain boundary diffusion equation . The rapid diffusion
down the interface was seperated from the slow diffusion into the

bulk resulting in two one-dimensional anlysis. The sulfur diffusion

L down the interface was far larger than into the bulk, a 10s differ- Qjﬁj
. ence in diffusion distance, confirming that the interface provides Eﬁi&
- . . i

a high rate diffusion path for environmental elements. The diffusi- Zﬂ?*

L~ on coefficient of sulfur down the interface was calculated to be
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5 x 1077 cmz/sec at a maximum temperature of 550°C during thermal
cycling for SiC/Ti-6Al-4V composites. The oxygen diffusion coeffic~ ;i;;
ient was calculated to be 7 x 107> cmz/sec for B4C/B/Ti-6A1-4V T
composites thermal cycled in air for one day between RT and SSOOC. e

o The activation energy of oxygen diffusion was 8 kcal/mole and that

- of sulfur was 15 kcal/mole , which are far below those for the

bulk diffusion and are consistent with the interface diffusion mec- 3',;

hanism .
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‘ gorrection of concentratin profiles from AES peak:t_:o-peak_l:_leight_:

Measurement.,

Conventionally, the relative peak-~to-peak (p/p) height of the
element at a depth y below the top surface after sputtering are con-
verted to composition using a relative sensitivity factor from the
AES Handbook.13 When the elemental standards are used, the intens-
ity ratios from the standards must be corrected by factors related
to the atom density, electronic escape depth and electron back sca-
tter factor. This improves the accuracy with which the Auger peak
intensities can be related to the surface compositionz3 . However,
T; the surface composition may still not equal bulk composition, Sever-

al attempts have been published to quantify the AES data for the
ditribution of elements on the surface. Even though the effect of
escape depth was emphasized, it was not directly used for the quant-
I. itative surface analysis of the material with -‘thin layer structure,
In the present problem, since sulfur and oxygen are present
;: as thin layers on the interface, the concentration of sulfur and
. oxygen will be different from the conventional calculation approac-
hes which assume bulk concentration. For example, the p/p height of

oulfur, S(y), measured at a depth of y after sputtering is proporti-

o (3-9Y/s
onal to S&CS(})G 33 Ay (Al)
- where CS(S) is the true concentration at a depth of 5 from the
N sputtered surface and § is the escape depth , as shown in Fig.A-1

The data is taken at a specific value of z, the distance down the
= boundary from the free surface.

Now, the problem is to get Cs(Y) from the following integral
equation : From equation A-l1 with a change in variable,

” -—

: st) =n[ c (e ay (a-2)
[ © iv
- where N is the sensitivity of the element excluding the escape depth.

In a derivation by H.A.Stevenslz, eq. A-2 can be written as follows in

terms of C_(y).

Lt
.
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gy =N o de g Clewyde
=N S de 4 /8
N 1y dg g ColEsy)e™®
=N [C (€+y)e'glél€=m + 1= gec_(g4y) -E/c].
S £=0 o s ttyle
A3)
= -NC (y) + %— s(y) G
Then, ‘f
|
_1.s ds !
Cyly) = (340} - 450, (A4)

This gives the true surface chemistry in terma of the measured
value and the slope of the inert ion sputtering profile. The
experimental sulfur profile results can be curve-fit in the form

shown in Fig. A-1l.

S(y) = s, e ™Y (a-3)
8, is the p/p height at y = 0. Since

g§izl = x5 e ¥ (A-6)

v o

Eq. 4 can be rewritten
Cs(g):_%.[gl+ aJe‘w} (/\7)

From Fig. Al, the value of y where the p/p height of sulfur

equals So/e is found to be 13 . From this observation,

=13 -
S[lé)‘ - Sce = .El

32'3 e

-1
giving o = 0.07 A
With the § of the sulfur being 8 X ’

......
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=_0rl -0.077
C(y) = [g+0.077]e Y

S
0.202 2 & 0077y (AD)

- -0.077
S(y) = Soe y . (AJ{)

Here So / N cannot be obtairned by observing the sulfur profile

alone. Observation of the titanium sputtering profile, T(y), can

allow the determination of the true titanium concentration, cTi(y)' ;ﬁJ:

The sputtering profiles of boron and others including carhon, -ﬁ;ii
aluminum and vanadium are found to be approximately constant, giving -ff

o S
Cp = 55 %, Cothers = 15 % : since below the depth of atleast 3 , '1fﬁ

the concentrations calculated based én AES Handbook will give appr-

oximately true concentrations of elements such as titanium, boron, carbon,";?ﬁ

aluminum and vanadium , and their sum should be 100 % .
From the experimental _ observations, the p/p height of titan-
ium is given by ,
-4
T((d)-:o‘s(l-Pe ) (A—io)

since T(y) »0.3 as y—=% ( considering CB = 0,55 and C = 0.15 ).

others
Similarly,

o —’/J'
T‘”AFM(O Crlive 4 (Av)

where M is the sensitivity of the titanium and J;Ti =12 §. at y=20 R,
_ -20p, _ _ X _

T(Y) ¢ yogg = 0-3 (L-pe ) =% x 0.3 and y=408%, T(¥)e yeso =

0.3 (l-pe ) = 2/3 x 0.3 . Then, P = 0.002 and p=0.75.

Therefore, RO




...............

={—

Cri(¥) = [F -pe®(14g)]

& [0.083-(0.75)(0.103)e™0-02Y]

& [0.083-0.078¢ 0+ 02Y]

Again since, as y + o, CTi + 0.3, M = 0.277. Therefore,

0.30 - 0.282¢~0-02y (A2 )

Cr;(¥)

T(y) = 0.30 - 0.225¢~0-02y (A3

From th i = = |
e mass conservation, Cothers*'cB+'cTi+'cs =1 at y=0. Then,

S
. _ o -0.077.0 S
C, 0.282 = ¢ (0.202)e LR =14
Therefore,
S(y) = 5,e70-077y (A
¢, (y) = 0.282¢™0-077y (M)

The results are shown in Fig. A2.

As shown above, S(y) or T(y) should be corrected to

Cs(y) or cTi(y) to obtain true concentrations of the elements. In

4
4

the course of these derivations, several variables were not e
taken into account. These include, (1) preferential sputtering ifti
effects, (2) surface roughness, (3) interaction effects between {;5
elements, (4) knock-in effects, and (5) peak shape changes _i;ff
(not too significant for sulfur and titanium). f;::;

Even with the other variables not taken into account !ﬁﬁF
this attempt to quantify the thin layer chemistry offers a much g;%ﬁ
more meaningful approach. In particular, where the absolute surface Eﬁ;ﬁ

concentrations are required for a diffusion analysis, the approach
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- is even more useful. The corrected data was used for the interface

i diffusion analysis.
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The Influence of Alloying Elements on
Impurity Induced Grain Boundary Embrittlement

D. Y. LEE, E. V. BARRERA, J.P. STARK, and H.L. MARCUS

A nonequilibrium thermodynamic model which describes the effect of solute grain boundary segre-
gation on grain boundary cohesion was extended 1o Fe ternary systems. The extended model directly
and simply predicts the effect of alloying elements on impurity-induced grain boundary embrittlement.
According to the extended model, Mo, W, and Zr strongly reduce, Ni, Ti, and V slightly reduce, and
Cr and Mn enhance impurity-induced grain boundary embrittiement in an Fe temary system. For the
evaluation of the extended model, Fe-P, Fe-P-Mn, Fe-P-Mo, and Fe-P-W alloys were studied by
Auger electron spectroscopy, scanning electron microscopy, 4-point slow bend tests, and tension tests.
The experimental results show that for a given amount of P grain boundary segregation the grain
boundary strength increases with increasing Mo or W grain boundary segregation and decreases with
increasing Mn grain boundary segregation. These experimental results showing the remedial effect of
Mo or W and the embrittling effect of Mn on P-induced grain boundary embrittlement are consistent
with the predicted results from the extended model. The nonequilibrium model is also used to evaluate
impurity-induced interfacial embrittlement in continuous fiber metal matrix composite materials.

1. INTRODUCTION

RECENTLY, Stark and Marcus' have developed a thermo-
dynamic model which describes the effect of impurity (/)
grain boundary segregation on the grain boundary cohesive
energy. The development of the model was based upon a
detailed nonequilibrium thermodynamic analysis of the
grain boundary segregation process. This nonequilibrium
model directly and simply provides a numerical estimate of
the grain boundary cohesive energy change associated with
impurity grain boundary segregation. However, it has been
recognized that understanding the role of alloying elements
(A) of the transition series is of great importance to predict
and control grain boundary embrittlement in Fe alloys since
the complex grain boundary embrittlement behavior is often
encountered with the presence of alloying elements in Fe
alloys. The effect of alloying elements on grain boundary
embrittlement can be classified into the direct effect and the
indirect effect. The indirect effect arises from the grain
boundary cohesive energy change induced by the change in
impurity grain boundary segregation due to the existence of
the /-A interaction in Fe alloys. The I-A interaction and its
effect on impurity grain boundary segregation has been
rationalized by the Guttmann model.? However, the direct
effect of alloying clements which arises from the grain
boundary cohesive energy change induced by their own
grain boundary segregation has as yet to be considered.

The main purpose of this study is to investigate the com-
bined direct and indirect effect of alloying elements on
impurity-induced grain boundary embrittlement. Therefore,
the nonequilibrium model will be extended to Fe-/-A ternary
systems. This will be followed by the experimental study on
high purity Fe-P, Fe-P-Mn, Fe-P-Mo, and Fe-P-W alloys for
the evaluation of the extended model. In order to determine
grain boundary strength, the method recently developed by
Kameda er al.>* will be adopted.

D.Y. LEE is Senior Research Enginecer with General Dynamics
Corporation, P.O. Box 748, Fort Worth, TX 76101. E. V. BARRERA,
Graduate Research Assistant, J.P. STARK, Professor, and H.L.
MARCUS, H.L. Kent, Jr. Professor, are all with the Department of

Mechanical Engineering, The University of Texas, Austin, TX 78712,
Manuscript submitted September 13, 1983.
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II. THE EXTENDED NONEQUILIBRIUM MODEL

It is assumed in the development of the nonequilibrium
model that the grain boundary (GB) region consists of the
boundary (B) and boundary matrix interface (BM) regions
as shown in Figure 1. Also, the thicknesses of these B and
BM regions are assumed to be atomic in nature. The devel-
opment of the extended model is presented in detail in
Appendix B. The final result of the extended model can be
expressed as:

SH® = SH® + SH™
= SHE + SH™ — ("HY + HY ~ HY) 6NY
- ("HY + HY — HE)8NY (1]

Where 8H%®, 5H®, and 8H® are enthalpy changes in GB,
B, and BM during grain boundary segregation, respectively,
"H} and "HY are the partial molar mixing enthalpies of an
impurity / and an alloying element A in the matrix (M),
respectively, HY, HY, and H}, are the molar enthalpies of
pure I, A, and Fe, respectively, and SNY¥ and SN are the
changes in the number of moles of / and A in M, re-
spectively. The terms 8HS and 8H5™ in Eq. [1] are the
enthalpy changes in B and BM, respectively, when B and
BM transform from their initial high grain boundary energy
state to their final low grain boundary energy state. This
transformation is equivalent to the system undergoing grain
boundary segregation as an attempt to obliterate the high
grain boundary energy. A better understanding of these
terms may be obtained from the details of the nonequilib-
rium model development presented in Reference 1.
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Since the “pV” terms associated with enthalpy are gener-
ally negligible in condensed phases, the enthalpy change in
the grain boundary during grain boundary segregation is
virtually equal to the change in the grain boundary cohesive
energy because it reflects the change in the depth of the
energy-well holding the atoms together. Then, it can be
noted from Eq. (1] that the grain boundary cohesive energy
change associated with grain boundary segregation is given
as a function of the partial molar mixing enthalpies of / and
A, the molar enthalpies of /, A, and Fe, and the changes in
the number of moles of / and A in M. The partial molar
enthalpies and the molar enthalpies can be obtained from the
published thermodynamical data, and the changes in the
number of moles of / and A can be determined from grain
boundary chemistry analysis. Thus, a numerical estimate of
the grain boundary cohesive energy change associated with
grain boundary segregation can be made by using Eq. [1]
with a proper approximation of the terms 8H% and SHZ.

Stark and Marcus' have shown that the sum of the two
terms, 8H% + 8H%, is energetically equivalent to the
energy required for the removal of the grain boundary at the
initial grain boundary composition (i.e., 8HY + SH3 =
—22 kJ/mole). The molar enthalpies are substituted by
the negative values of the published molar sublimation
enthalpies.® Finally, the partial molar mixing enthalpies
("HY and "H*¥) are determined from the details of the Fe-/
or Fe-A binary phase diagram® by using a method discussed
by Swalin.” Here, impurities include the well-known em-
brittling elements in Fe alloys such as As, P, Pb, S, Sb, Se,
Sn, and Te, and alloying elements include the commonly
found metallic additions of transition series such as Cr, Mn,
Mo, Ni, Ti, V, W, and Zr. Table I lists the molar enthalpies
and partial molar mixing enthalpies of the above impurities
and alloying elements. As shown in Table 1, the contribution
of the partial molar mixing enthalpies to the estimation of
the grain boundary cohesive energy change is quite small for
most impurities and alloying elements. Therefore, this term
will be ignored for the element whose partial molar mixing
enthalpy could not be determined.

Table Il shows the estimated value of the grain bound-
ary cohesive energy change when a monolayer of either
an impurity or an alloying element is present at the grain
boundary in an Fe-/ or an Fe-A binary system. It can be
seen from Table II that all the impurities which have been
known as grain boundary embrittlers reduce the grain bound-
ary cohesive energy. Even the order of the embrittling
potencies (Pf) of P, Sb, and Sn is perfectly consistent
with that found in experiments; the P of P, Sb, and Sn
have been experimentally found to have the order of

Table I. Molar Enthalpies and Partial
Molar Mixing Enthalpies of Impurities
and Alloying Elements (Unit: kJ/mole)

1 HY "H! A HY "H
As 289 5 Cr 397 *
P 1) 334 13 Mn 279 23
Pb 196 1 Mo (8] 659 31
S (1] 276 67 Ni 427 14
Sb 259 9 Ti 472 5
Se 207 * v 515 *
Sn 301 7 w 837 9
Te 192 * Zr 611 163

Table II. Grain Boundary Cohesive Energy Change
with a Monolayer Grain Boundary Segregation of [ or
A in Fe-l and Fe-A Binary Systems (kJ/Monolayer)

Fe-I System Fe-A System
1 SH® A SH®
As -14 Cr - 41
P - 91 Mn -136
Pb -242 Mo +252
S - 95 Ni + 3
Sb -170 Ti + 39
Se -231 \' + 7
Sn -130 w +408
Te —246 Zr +336

PE(Sb) > PE(Sn) > PE(P).° However, the predicted P* for
S appears to be somewhat less than expected.

In the case of alloying elements, most of them are bene-
ficial to the grain boundary cohesive energy except Cr and
Mn. In particular, Mn exhibits a fairly high embrittling
potency (i.e., even higher than P, S, and Sn for a given
amount of grain boundary segregation). Of course, the grain
boundary segregation enrichment ratio of Mn is much less
than those of impurities. However, it is of interest to note
that Schulz and McMahon' have experimentally found that
in the absence of impurities, Mn itself causes grain bound-
ary embrittlement in an Fe-0.7 Mn-0.4C system.

For Fe-I-A ternary systems, Figure 2 shows the variation
of the grain boundary cohesive energy change with the
molar fractional monolayer of alloying elements at the grain
boundary where 0.5 monolayer of P is already present.
From Figure 2 the direct effect of alloying elements on
P-induced grain boundary embrittlement can be observed.
By their direct effect, Mo, W, and Zr strongly reduce, Ni,
Ti, and V slightly reduce, and Cr and Mn enhance P-induced
grain boundary embrittlement in Fe alloys. These predicted
results are consistent with the published experimental
results showing the remedial effect of Mo'*'"'? and Ti""
and the embrittling effect of Cr'"*"" and Mn"'%* on
impurity-induced grain boundary embrittlement.

It is also of great interest to note that Schulz and
McMahon" have experimentally found that Mo reduces
Mn-induced grain boundary embrittlement in an Fe-0.7
Mn-0.6 Mo-0.4C system. The remedial effect of alloying
elements has been attributed only to the indirect effect
arising from the strong attractive /-A interaction which re-
duces impurity grain boundary segregation by precipitating
the impurity in the matrix. However, the above interesting
Mn-Mo behavior can be explained by the direct effect of
Mn and Mo on the grain boundary cohesive energy. When
both Mn and Mo simultaneously segregate to the grain
boundary, Mn embrittles the grain boundary by its em-
brittling direct effect, while Mo improves the grain bound-
ary cohesive energy by its remedial effect, thereby relieving
Mn-induced grain boundary embrittlement.

Here, the effects of alloying elements were considered
only on P-induced grain boundary embrittlement in Fe-/-A
alloys. By using Eq. [1] the similar diagrams to Figure 2
can be generated for other embrittling elements in Fe-/-A
alloys as well as non-Fe base alloys. Also, the nonequilib-
rium model can be applied to the interfacial embrittlement
problems associated with impurity interfacial segregation
in continuous fiber metal matrix composite materials as
presented in Appendix C.
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Fig. 2— The variation of grain boundary cohesive energy change with the
fraction of a monolayer of grain boundary segregation of alloying elements
with ¥ monolayer P grain boundary segregation.

Recently, Seah?' has proposed a simple pair bonding
theory describing the grain boundary fracture energy change
associated with solute grain boundary segregation in a
binary system. Seah'’s result can be written as:

Ay® = (Z%/Z"XPHY - HY) [2]

where Ay“? is the grain boundary fracture energy change
associated with solute grain boundary segregation, Z% and
Z¥ are the coordination numbers of the atom in the grain
boundary and the matrix, respectively, X5® is the molar
fractional monolayer of the solute 2 in the grain boundary,
and HT and H¥ are the sublimation enthalpies per unit area
of pure solvent 1 and pure solute 2, respectively. Here, the
grain boundary fracture energy change, that is equivalent to
the grain boundary cohesive energy change associated with
solute grain boundary segregation, is directly related to the
difference between the sublimation enthalpies of solvent
and solute. The approach of Seah’s pair bonding theory is
quite different from that of the extended nonequilibrium
model. However, it can be noted from Eqgs. [1] and (2] that
these two different theories show basically the same result
that the grain boundary cohesive energy change associated
with grain boundary segregation is directly related to the
difference between the sublimation enthalpies of solvent
and solute.

By applying equilibrium thermodynamics to the ener-
getics of brittle fracture, several investigators’? have
attempted to calculate the work of brittle grain boundary
fracture. According to the above approaches the work of
brittle grain boundary fracture is often stated by the expres-
sion2y° — y%®, where y° and y°® are the surface energy and
the grain boundary energy, respectively. The implication is
that ¥° and y°® are equilibrium thermodynamic values.
However, McMahon et al.*** have criticized these attempts
since fracture is essentially an irreversible process.

Recently, Losch®?" and Briant and Messmer®**-* have
studied the chemical bonding aspects of grain boundary
embrittlement. Their results have suggested that the grain
boundary embrittling impurities draw charge from the
neighboring metal-metal bonds, which hold the grain
boundary together, to form strong impurity-metal bonds

METALLURGICAL TRANSACTIONS A

within the plane of the grain boundary. Thus, the metal-
metal bonds across the grain boundary will be weakened,
thereb& leading to grain boundary embrittlement. The
results™ have also shown that P is more electronegative with
respect to Cr and Mn than to Fe and more charge will be
drawn from Cr and Mn onto P. Therefore, Cr and Mn exhibit
an embrittling effect on P-induced grain boundary em-
brittlement. However, P is less electronegative with respect
to Ni than to Fe. Consequently, Ni does not enhance
P-induced grain boundary embrittlement. Even though
the interactions between I/, A, and Fe were not included
in the extended nonequilibriurn model, it can be noted
that the predicted results on Cr, Mn, and Ni from the
extended model are consistent with the above results.

IIl. EXPERIMENTAL PROCEDURES

The materials used in this study are high purity Fe-P,
Fe-P-Mn, Fe-P-Mo, and Fe-P-W alloys prepared at the
General Electric Research and Development Center in the
form of hot rolled plates of 12.7 mm in thickness and
76.2 mm in width. The chemical compositions of these
alloys were analyzed by Anderson & Associates, Houston,
Texas and Chicago Spectro Service Laboratory, Chicago,
Illinois. The analyzed chemical compositions of the alloys
are shown in Table I[II.

The reasons for choosing these alloys are the following:

1. Among the well-known grain boundary embrittling im-
purities (i.e., As, P, S, Sb, Sn, etc.), P is the most common
impurity in commercial Fe alloys. Hence, the study on P grain
boundary segregation and its effect on grain boundary em-
brittlement is of practical importance.

2. As discussed earlier, the extended model suggests the
remedial effect of Mo and W and the embrittling effect of
Mn on P-induced grain boundary embrittiement. Therefore,
the P-doped Fe alloys that individually contain Mn, Mo, or
W were selected in order to evaluate experimentally the
extended model.

3. C often causes a complex situation in grain boundary
embrittlement studies by segregating to grain boundaries
in elemental form and/or by precipitating at grain bound-
aries in the form of carbides. Hence, the low C content
Fe alloys as shown in Table 111 were chosen to avoid this
complex situation.

4. Finally, the effect of alloying elements on impurity-
induced grain boundary embrittlement may arise not only
from the direct effect but also from the indirect effect.
Therefore, for careful study on the indirect effect of Mn,
Mo, and W, the level of P grain boundary segregation in the
ternary Fe-P-Mn, Fe-P-Mo, and Fe-P-W alloys are to be
compared to that in the binary Fe-P alloy.

For heat treatments the plates were cut into the rec-
tangular blocks of 12.7 mm X 21.4 mm X 76.2 mm. As
pointed out previously,** the mechanical-structural factors
such as hardness, grain size, morphology of grain boundary,
and type of microstructure are important variables control-
ling grain boundary embrittlement. Since the main pur-
pose of this study is to investigate the effect of P, Mn, Mo,
and W grain boundary segregation on the grain boundary
strength, it would be desirable not to have variables of
the mechanical-structural factors. Therefore, the first heat
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Table IIl. The Chemical Compositions of Materials (Wt Pct)
Element Fe-P Fe-P-Mn Fe-P-Mo Fe-P-W
(a) (b) (a) (b) (a) (b) (a) (b)
B 0.0003 <0.0001 0.002 0.001
C 0.00t 0.001 0.011 0.0080 0.008 0.0080 0.014 0.0090
P 0.1 0.057 0.1 0.1 0.1
S 0.003 <0.005 0.004 0.003 0.005
Si 0.008 0.01 0.005 0.068 0.015
Al <0.0006 <0.0006 0.02 <0.0006
Co <0.002 <0.002 <0.002 0.005
Cr 0.004 0.01 0.018 0.005 0.011
Cu <0.0009 <0.01 <0.0009 <0.0009 <0.0009
Mn 0.01 0.01 2.6 0.034 0.015
Mo 0.004 <0.01 0.08 3.2 0.034
Nb <0.005 <0.005 <0.005 <0.005
Ni 0.03 0.01 0.075 0.03 0.03
Pb <0.0001 <0.0001 0.008 0.001
Ti 0.003 0.002 0.01 0.004
A4 0.002 0.004 0.003 0.006
w <0.0004 0.008 0.031 4.6
*(a) reported from Anderson & Associates, Inc.
(b) reported from Chicago Spectro Service Laboratory, Inc.
treatment was intended to develop the same grain size for all
the alloys. However, this could not be achieved due to the
following reasons: 1000 C 1 hr
1. After grain size control treatment, the Fe-P and Fe-P-Mn 200 C 12 hrs
alloys exhibit a phase transformation during cooling, while ' 600 ¢ 0-300 hrs
the Fe-P-Mo and Fe-P-W alloys remain in the same phase. T ;gg "
2. The conditions of the as-received alloys were too differ- 450 " (a)
ent. The Fe-P and Fe-P-Mn alloys had a very fine and 400 "
equiaxed grain structure, while the Fe-P-Mo and Fe-P-W
alloys had a very large and elongated grain structure.
Hence. the resulting grain size of the Fe-P-Mn alloy is 1100 C 1 hr
significantly smaller when compared to those of the Fe-P,
Fe-P-M_o. gnd lfe-P-W allqys, Th; problems arising from R 700 C 12 hrs
the grain size difference will be discussed later. The grain T 600 C 0 300 hrs
size control treatment was followed by tempering and aging ggg "
treatments to vary the level of P, Mn, Mo, and W grain 450 w  (b)
boundary segregation. The heat treatment conditions of the 400 "
alloys are shown in Figure 3. In order to identify the type
of alloy, aging temperature, and aging time, the specimens
were designated with 5-digit numbers as: 1100 C 1 hr
XXX XX
// l \\ T‘. 700 C 12 hrs 600 ¢ 0-300 hrs
550 w
type of alloy aging temperature aging time i 2% 500 "
——————— USO " .
0:Fe-P 40:400 °C 01:10 hrs i | 400 (@
I:Fe-P-Mn 45:450 03:30 | |
2:Fe-P-Mo 50:500 10:100
3:Fe-P-W 55:550 30:300
60:600 1000 C 2 hrs
After each heat treatment a hardness measurement was made ' c 1 600 2
in HRB scale using a Wilson Rockwell hardness tester. T 700 C 12 hrs 528 ¢ 0-300 hrs
Recently, Kameda ef al.’* have developed a direct 500 “
method to determine the critical local tensile stress neces- 450 ")
sary for the grain boundary brittle crack initiation (g,) using 400 “
4-point slow bend tests and tension tests, in conjunction

with the Griffiths-Owen finite element elastic-plastic stress
analysis.” In this study, the method developed by Kameda
et al. will be adopted in order to determine the effect of P,
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(¢) Fe-P-Mo, and (d) Fe-P-W alloys.

METALLURGICAL TRANSACTIONS A




~

DR

Mn, Mo, or W grain boundary segregation on the grain
boundary strength. Hence, after heat treatments and hard-
ness measurements, each rectangular block was cut into a
notched bend test specimen and an unnotched tension test
specimen. The geometry of the notched bend test specimen
is the same as that used in the Griffiths-Owen analysis.

Both bend and tension tests were conducted using an
Instron universal testing machine. The primary test tem-
peratures were — 140 °C for Fe-P and Fe-P-Mn alloys and
—100 °C for Fe-P-Mo and Fe-P-W alloys. These test tem-
peratures were chosen so the specimens fractured at initial
yielding, but before general yielding in the bend test. In
order to find the above test temperatures and the tempera-
ture dependence of yield stress (o), some of the specimens
of each alloy were tested over the temperature range of
—196 °C to room temperaturc. All the test temperatures
were obtained by controlling the amount of liquid nitrogen
per unit time sprayed to the specimen and were monitored
by a thermocouple embedded in the specimen. Cross-head
speeds were 0.5 mm per minute for bend tests and 2 mm per
minute for tension tests.

In order to determine the mode of fracture and the per-
centage of intergranular fracture (pct IF), the fractured bend
test specimens were examined using scanning electron mi-
croscopy (SEM). For the estimation of pct /F, three SEM
fractographs were taken for each specimen from the fracture
surfaces located near the notch root in the center region of
the specimen. Since the main interest is to find the fracture
behavior in the area under o, the distance from the notch
root to the area where o occurred (D.) was determined for
each specimen from the obtained nominal bending stress

Fig. 4— Examples of the fractographs used in the estimation of the pet IF. (a) 05030, (b) 15530,
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(Gwom)s 0., and the Griffiths-Owen analysis. Then, the line
indicating the location of o, was drawn on the SEM frac-
tograph. The pct IF was estimated by measuring the length
of the line occupied by intergranular fracture surfaces.
Figure 4 shows the examples of the fractographs used in the
pet IF estimation.

For the determination of P, Mn, Mo, and W grain bound-
ary concentration, Auger electron spectroscopy (AES) was
employed. The Auger samples were prepared from the frac-
tured bend test specimens. Auger samples were fractured
in situ at the pressure of about 107 Pa and at the tem-
perature of about —30 °C in the ultrahigh vacuum chamber
of a scanning Auger spectrometer (Physical Electronics
Industries model PHI 590). Auger spectra from the individ-
ual grain boundary facets were recorded as dN(E)/dE vs E
under the following conditions: 5 KeV, 300 to 500 nA,
2 pm primary beam; 3 V peak-to-peak modulation; 3 eV
per second sweep rate; 0.3 second time constant. From the
obtained Auger spectra quantitative estimates of grain
boundary chemistry were made based on the method given
in Reference 34. Auger sputtering depth profiles were also
taken to examine whether P, Mn, Mo, and W are segregated
locally at grain boundaries or tied up in a three dimensional
(3D) second phase.

IV. RESULTS AND DISCUSSION

A. The Effect of Mn, Mo, and W on P Grain
Boundary Segregation

As shown in Figure 5 the Auger sputtering depth profiles
show that P, Mn, Mo, and W are concentrated locally at

(c) 25003, and (d) 35001 specimens.
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Fig. 5— Examples of the Auger sputtering depth profiles.

grain boundaries. This suggests that P, Mn, Mo, and W
segregated at grain boundaries are not tied up in a 3D second
phase. If they formed a 3D second phase at grain bound-
aries, their concentration profiles would extend over a much
greater distance. The concentration profiles of Mo and W
extend a little more than those of P and Mn. This is assumed
to be because of the slower sputtering rate of Mo and W as
pointed out previously by Schmerling er al.** It should be
noted that this reduced sputtering rate of Mo or W would be
expected from the grain boundary cohesive energy change
associated with Mo and W grain boundary segregation. As
described earlier, the grain boundary cohesive energy in-
creases with Mo or W grain boundary segregation but de-
creases with P or Mn grain boundary segregation.

From Figure 5 it can be noted that a small amount of S
grain boundary segregation occurs in the Fe-P, Fe-P-Mo,
and Fe-P-W alloys, while S does not segregate to grain
boundaries in the Fe-P-Mn alloy even though the S matrix
concentration is virtually the same for all the alloys
(Table III). It has been recognized that due to the very
strong attractive S-Mn interaction, S is in general com-
pletely precipitated in the matrix of an Fe alloy containing
Mn. This is why S does not participate in the grain boundary
embrittlement problems of commercial Fe alloys which al-
ways contain a certain amount of Mn for that purpose.

The variations of P, Mn, Mo, and W grain boundary
segregation are plotted as a function of aging time in
Figure 6 and as a function of aging temperature in Figure 7.
Each data point in Figures 6 and 7 represents the average of
about 10 grain boundaries. As expected, it is found from
Figure 6 that at the aging temperature of 500 °C, P, Mn,
Mo, or W grain boundary segregation increases with in-
creasing aging time. It is also found from Figure 7 that
with 300 hours aging the maximum P grain boundary segre-
gation occurs at the aging temperature of 500 °C for all the
alloys. Seah’s recent study® on the kinetics of P grain
boundary segregation in an Fe-Cr-Ni-C alloy has also shown
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that with 300 hours aging the maximum P grain boundary
segregation can be obtained at the aging temperature of
about 500 °C. In the case of alloying elements it can be seen
from Figure 7 that the aging temperature for the maximum
grain boundary segregation after 300 hours aging is also
500 °C for Mo and W, but is 550 °C for Mn.

From Figures 6 and 7 it can be seen that for a given aging
treatment the amount of Mn, Mo, or W grain boundary
segregation is somewhat less than that of P grain boundary
segregation even though the Mn, Mo, or W matrix concen-
tration is much higher than P. This suggests that Mn, Mo,
or W possesses a much lower grain boundary segregation
enrichment ratio than P. Here, it should be noted from
Figure 6 that in the ~arly stages of aging the grain boundary
segregation rate of Mn, Mo, or W is apparently slower than
that of P.

It has been believed that impurity grain boundary segre-
gation is influenced by the presence of alloying elements in
Fe alloys due to the existence of /-A interaction. The /-A
interaction and its effect on impurity grain boundary segre-
gation have been explained by the Guttmann model.? Ac-
cording to the Guttmann model, Cr, Mn, and Ni enhance
impurity grain boundary segregation by cosegregating with
the impurity to grain boundaries due to their moderate at-
tractive /I-A interaction, while Mo, Ti, V, W, and Zr reduce
impurity grain boundary segregation by precipitating the
impurity in the matrix due to their strong attractive /-A
interaction. It was therefore expected that when the Fe-P,
Fe-P-Mn, Fe-P-Mo, and Fe-P-W alloys were selected for
this study, P grain boundary segregation would be enhanced
in the Fe-P-Mn alloy and would be reduced in the Fe-P-Mo
and Fe-P-W alloys compared to P grain boundary segre-
gation in the Fe-P alloy. However, it is of great interest to
note from Figure 8 that for a given aging treatment the level
of grain boundary segregation is basically the same for all
the alloys. This fact could suggest that P grain boundary
segregation is not affected by the presence of Mn, Mo, or W,
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Fig. 6 — The variation of P, Mn, Mo, or W grain boundary segregation with aging time in the (a) Fe-P, (b) Fe-P-Mn, (c) Fe-P-Mo, and (d) Fe-P-W alloys.

and that Mn, Mo, or W does segregate to grain boundaries
simuitaneously with P but independently of P. Since the
alloys have different grain size, the P diffusion distances
must be considered in order to examine if P grain boundary
segregation may be affected by the difference in grain size.
Gruzin and Minal®” have obtained the diffusivity of P in
Fe as:

DF =7 x 1077 exp (—20,130/T) m¥/sec (3]

With 300 hours aging treatment the calculated P diffusion
distances are 0.28 um and 8.55 um for the aging tem-
peratures of 400 and 600 °C, respectively. These values are
much less than the grain diameters of the alloys used in this
study. The grain diameters of the alloys are 50 to 700 um
as shown in Figure 4. Therefore, the grain size effect on P
grain boundary segregation would be negligible even though
the grain boundary area/volume ratio varies with grain size.
Based upon his experimental study on the grain size effect,
Guttmann’ has also claimed that grain boundary segregation
itself does not vary with grain size.

Recently, Briant® has conducted a grain boundary segre-
gation study by systematically varying the matrix concen-
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trations of Cr, Mn, and Ni in P-doped Fe alloys. His results
have also shown that the changes in the matrix concen-
trations of Cr, Mn, and Ni do not influence P grain boundary
segregation. Based upon his experimental results, he has
claimed that P grain boundary segregation is independent
of Cr, Mn, and Ni grain boundary segregation. Hence,
it can be concluded from the results of this study and of
Briant’s that P and alloying elements segregate to grain
boundaries independently and that P grain boundary seg-
regation is thereby not influenced by the presence of alloy-
ing elements.

B. The Effect of Mn, Mo, and W on Grain
Boundary Embrittlement

As mentioned earlier. the mechanical-structural factors
which are also very important variables controlling grain
boundary embrittilement could not be effectively controlled
in this study; the Fe-P, Fe-P-Mn, Fe-P-Mo, and Fe-P-W
alloys have different grain size and hardness. However, the
values of grain size and hardness are virtually identical for
all the specimens of each alloy after the different aging
treatments. Therefore, it is intended that in the following
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r discussion the comparison of the experimental results will large temperature dependence for the Fe-P-Mo and Fe-P-W
focus on the individual alloys. alloys occurs at higher test temperatures than those for the
- The results of hardness, bend, and tension tests are sum- Fe-P and Fe-P-Mn alloys.
- marized in Table IV. It can be seen that for a given test From the values of ¢,.m and o, in Table 1V, the critical
temperature o, is virtually identical for all the specimens of local tensile stress necessary for the grain boundary brittle
each alloy, but varies with the test temperature. Figure 9 crack initiation (o) and the distance from the notch root to
. shows that the temperature dependence of o, becomes large the region of o (D.) were calculated using the Griffiths-
P at the test temperature below about ~ 100 °C and that the Owen analysis.* Figure 10 shows the variations of o, and
1
{ Table IV. Hardness, Bend, and Tension Test Results of the Fe-P, Fe-P-Mn, Fe-P-Mo, and Fe-P-W Alloys
% Specimen HRB T(°C) Gom (MPa) Pct IF T(°C) a, (MPa) a5 (MPa) Pct e
2 00000 38 -140 527 53 —140 305 409 1.9
04001 38 -196 623 * -160 419 446 1.1
- 04003 36 —140 51t 61 25 119 131 59.2
04010 40 —-100 * * - 80 161 * *
04030 36 —140 494 58 —140 305 397 29
3 04503 37 -140 460 57 -140 293 335 1.1
{ 04510 39 —140 482 67 -140 300 310 0.9
i 04530 34 -140 490 57 -140 300 305 0.9
05001 38 -196 603 * —-140 300 325 1.0
. 05003 38 -140 482 70 -140 300 312 0.9
3 05010 38 —140 423 85 -140 * 268 0.7
05030 35 -140 393 98 —-140 * 260 0.6
05501 39 -140 494 68 —160 * 365 0.8
{ 05503 38 -140 473 75 * * * *
A 05510 37 -140 489 74 - 80 149 * *
i - 05530 37 -140 460 75 -140 303 315 0.9
06001 38 —140 519 50 —160 * 355 0.8
L 06003 37 -140 519 82 - 80 156 * *
P 06010 36 -140 519 61 * * * *
R 06030 36 -140 511 95 -140 298 360 1.2
. 10000 68 -140 887 32 —140 379 689 4.4
14001 64 -120 * * —160 476 707 2.3
14003 65 -196 536 * -100 273 * *
l 14010 65 -196 493 * * * * *
& 14030 65 -140 783 45 -140 367 675 4.2
14503 64 -140 858 48 * * * *
14510 65 -140 741 49 -160 471 471 1.0
W 14530 65 -140 720 46 —140 379 694 4.0
15001 66 - 140 728 42 -140 419 699 3.5
15003 66 -140 657 48 —140 434 665 34
15010 65 -140 603 60 —140 432 594 2.5
- 15030 66 ~140 544 79 -140 429 558 1.6
o 15503 66 —140 720 38 * * * *
15510 66 -140 552 58 * * * *
s 15530 66 -140 502 81 -140 402 5 1.5
16003 66 -196 552 * * * * *
16010 65 -196 460 .o ¥ 25 181 179 49.9
16030 59 -140 695 53 -140 362 684 3.1
-— 20000 68 -100 561 38 -100 315 454 2.2
. 24010 67 -100 490 39 -120 377 389 0.9
24030 68 -100 531 34 -100 315 422 1.8
24501 67 - 80 * * —140 * mn 0.7
. 24503 68 -100 494 4] - 80 265 434 3.1
AT 24510 67 -100 536 45 - 80 263 417 2.2
_ 24530 68 -100 557 36 -100 327 434 1.8
25001 68 -100 473 47 -100 310 360 1.2
o 25003 67 -100 419 55 -100 * 285 0.6
- 25010 68 -100 485 48 -100 308 315 0.9
c oy 25030 67 -100 502 40 -100 310 402 1.5
25501 69 ~-100 515 33 -100 * 407 0.8
- 25503 65 -100 427 26 -100 * 288 0.7
RS 25510 69 - 100 494 45 -100 325 404 1.3
25530 67 -100 523 41 -100 320 417 1.7
26001 68 -120 137 * 25 146 298 43.5
26003 67 - 80 * * - 50 206 * *
h.; 26010 70 -100 490 35 * * * *
..
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Table IV. Cont. Hardness, Bend, and Tension Test Results of the Fe-P, Fe-P-Mn, Fe-P-Mo, and Fe-P-W Alloys
Specimen HRB T(°C) Tnom (MPa) Pct IF T(°C) o, (MPa) o (MPa) Pct e
26030 70 —100 494 28 - 100 310 417 1.5
30000 [ =100 674 41 ~100 342 449 1.8
34001 70 -100 728 3 ~160 * 429 0.9
34003 n -100 661 8 - 80 270 41 3.8
34010 ! -100 670 44 * * * *
34030 67 - 100 720 4 -100 340 417 1.2
34501 70 =100 707 46 -120 397 414 1.0
34503 69 -100 665 36 - 80 253 * *
34510 72 -100 665 43 * * * *
34530 67 —100 661 60 =100 332 379 1.2
35001 68 —100 557 66 -100 * 332 0.7
35003 69 -100 636 50 -100 337 KXY} 0.8
35010 70 -100 661 48 —100 337 402 1.1
35030 67 -100 674 46 —~100 355 417 1.3
35503 1! =100 624 67 -100 * 310 0.7
35510 71 —100 653 55 =100 352 372 0.9
35530 70 -100 657 4 -100 340 389 1.0
36001 71 -100 619 28 25 154 347 399
36003 70 =100 628 53 —100 397 422 1.1
36010 71 -100 653 60 * * * *
36030 71 —-100 657 47 —100 337 409 1.2
T r— It can be noted from Table IV that for each alloy the
e Fe-P values of o,,m, tensile fracture stress (o), and pct elon-
Soof- » Fe-P-Mn gation (pct ¢) show the similar variations with aging time to
A Fe-P-Mo those of o, and D, while the variation of pct /F with aging
* Fe-P-W time shows the very opposite of those of o., D;, Fpm» T,
and pct e.
& Before o, is correlated to the P, Mn, Mo, and W grain
< 300} . boundary segregation to observe the effect of P, Mn, Mo,
> and W grain boundary segregation on the change in o, it
° needs to be briefly considered how o, can be regarded as
the grain boundary strength. It has been suggested that
brittle fracture in a deformable solid may be thought of as a
100k three-stage process which can lead to a three-fold fracture
-4 . . 3 - .
criterion.’ The three stages are the following:
5 =TT n 1. A microcrack nucleates at an obstacle (i.e., a second
TC phase precipitate, inclusion, grain boundary, efc.) due to the

Fig. 9 — The temperature dependence of yield stress in the Fe-P, Fe-P-Mn,
Fe-P-Mo, and Fe-P-W alloys.

D, with aging time at the aging temperature of 500 °C. With
increasing aging time, for the Fe-P and Fe-P-Mn alloys o,
and D, decrease in the whole range of aging time, but for
the Fe-P-Mo and Fe-P-W alloys they decrease in the
early stages of aging and then increase in the later stages
of aging. The variations of o, and D, with aging time in
the Fe-P-Mo and Fe-P-W alloys look anomalous, but
these could have arisen from the remedial effect of Mo or
W on P-induced grain boundary embrittlement which can
be predicted from the extended model; the earlier P grain
boundary segregation weakens grain boundaries and the sub-
sequent Mo or W grain boundary segregation strengthens
the weakened grain boundaries. It was already noted from
Figure 6 that in the early stages of aging the grain boundary
segregation rate of P is apparently faster than that of Mo
or W. The remedial effect of Mo and W will be further
considered later.

1424 — VOLUME 15A, JULY 1984

R I C L e m s ., -
- .-.__._ ., .,

.'\-.. - -.‘ PRI T

- ,—'-‘-"-“.'.".'- ".‘-.-.'~.'-.° ~
-'\\ OO SO

blockage of a slip band or twin. For this first stage, at least
local yielding is required.

2. The microcrack initiates its propagation beyond the ob-
stacle. Hence, a certain value of o* = o, is required
depending on the plastic work of fracture (7).

3. The propagating microcrack leads to the long range
propagation. This depends on the gradient in the maximum
principal stress.

Now, the above three-fold fracture criterion will be com-
bined with the following assumptions:*

1. There is one grain boundary facet per grain which is
oriented essentially normal to ay,.
2. The nucleated microcrack initiates its propagation along
the embrittled grain boundary in the region of o %3".
3. The first grain boundary along which the microcrack
propagates triggers unstable fracture of the specimen.
Then, o. can be considered as the critical local tensile stress
necessary for the initiation of the grain boundary brittle
fracture which is equivalent to the grain boundary strength.
Recently, Jokl et al.®® have developed a Griffith-type
fracture criterion assuming that the two processes of bond
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Fig. 10— The variations of the critical local tensile stress for grain boundary brittle crack initiation (o.) and the distance from the notch root to the region
of o, with aging time in the (a) Fe-P, (b) Fe-P-Mn, (c) Fe-P-Mo, and (d) Fe-P-W alloys.
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breaking and dislocation emission occur concomitantly at
the tip of a microcrack during brittle fracture of a defor-
mable solid. This criterion suggests that the plastic work of
fracture and the microcrack stress intensity are directly re-
lated to the ideal work of fracture. They have also proposed
that the microcrack stress intensity at fracture would be
related to @, in the form:

ki = (e.Vwc} + [f(o.,c,1, )} (4]

where ¢ is the length of the microcrack, [ is the length of the
initial dislocation pile-up that nucleates the microcrack, and
7 is the lattice friction stress for dislocation motion. There-
fore, it would be expected that the grain boundary strength
is directly related to the ideal work of fracture which is
equivalent to the grain boundary cohesive energy.
Combining the information of the grain boundary strength
with the grain boundary chemistry, the variation of the grain
boundary strength may be considered for each alloy as a
function of the amount of P, Mn, Mo, or W grain boundary
segregation. As mentioned earlier, a very small amount of
S grain boundary segregation occurs in Fe-P, Fe-P-Mo, and
Fe-P-W alloys. However, the amount of S grain boundary

specimens of each alloy, and the grain boundary strength
change would mainly be attributed to the change in P, Mn,
Mo, or W grain boundary segregation for the specimens of
each alloy.

Figure 11 shows the variation of grain boundary strength
with the amount of P grain boundary segregation. It can be
seen that the grain boundary strength decreases with in-
creasing P grain boundary segregation in the Fe-P alloy and
in the Fe-P-Mn, Fe-P-Mo, or Fe-P-W alloy for a given Mn,
Mo, or W grain boundary segregation. The variation of
the grain boundary strength is plotted for the Fe-P-Mn,
Fe-P-Mo, or Fe-P-W alloy as a function of Mn, Mo, or W
grain boundary segregation in Figure 12. It can be noted
from Figure 12 that for a given P grain boundary segregation
the grain boundary strength decreases with increasing Mn
grain boundary segregation and increases with increasing
Mo or W grain boundary segregation. Since, as discussed
earlier, the grain boundary cohesive energy would be di-
rectly related to the grain boundary strength, the grain
boundary cohesive energy would show the similar variation
with P, Mn, or W grain boundary segregation to that of
the grain boundary strength; the grain boundary cohesive
energy would decrease with increasing P or Mn grain

segregation does not much vary with different aging treat- o
boundary segregation and would increase with increasing DA

. ments for each alloy. Therefore, the effect of S on the grain ‘_:::.j
',:.- boundary strength would be about the same for all the Mo or W grain boundary segregation. These experimental i ::.-}\_1
~ ROASRY

SN
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results are consistent with the original and extended non-
K equilibrium models. The reduced grain boundary cohesive
- energy due to P grain boundary segregation was predicted
from the original model, and the embrittling effect of Mn
and the remedial effect of Mo and W on P-induced grain
boundary embrittlement in the Fe-P-Mn, Fe-P-Mo, and
Fe-P-W alloys were predicted from the extended model.

As discussed previously, the effect of alloying elements
on P-induced grain boundary embrittlement could also be
explained by the effect of alloying elements on the P em-
brittling potency determined by their relative electro-
negativities to P and Fe.” This idea could be promising to
reveal the interaction between impurities and alloying ele-
ments at the grain boundary and its effect on grain boundary
embrittiement. This study did not intend to confirm experi-

",:: mentally this idea. The results from an AES and ionization
o loss spectroscopy study have suggested some evidences of
- the above effect, but still are not quite satisfactory.’® More

research efforts are necessary to establish fully the /-A cross-
effect on the embrittling and remedial effects of impurities
and alloying elements.
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Fig. 11 —The variation of the grain boundary strength with P grain boundary segregation in the (a) Fe-P, (b) Fe-P-Mn, (¢) Fe-P-Mo, and (d) Fe-P-W alloys.

V. CONCLUSIONS

1. The extended nonequilibrium model can directly and
simply predict the effect of alloying elements on the
impurity-induced grain boundary embrittlement in terms
of the grain boundary cohesive energy. The extended
model suggests that Mo, W, and Zr strongly reduce, Ni,
Ti, and V slightly reduce, and Cr and Mn enhance
impurity-induced grain boundary embrittiement in an
Fe-I-A system. In this study the predictions were made
only for an Fe-/-A system, but the extended model can
be applied to all the materials which encounter a grain
boundary embrittlement problem associated with grain
boundary segregation of the substitutional solutes. This
model is also applied to the impurity-induced interfacial
embrittlement in a metal matrix composite containing
low impurity solubility fibers.

2. The experimental results on the Fe-P, Fe-P-Mn, Fe-P-
Mo, and Fe-P-W alloys show that for a given P grain
boundary segregation the grain boundary strength de-
creases with the Mn grain boundary segregation and
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increases with Mo or W grain boundary segregation,
which is consistent with the predictions from the ex-
tended model.

. The grain bounda:, strength decreases with P grain

boundary segregation in the binary Fe-P alloy. Also, for
a given Mn, Mo, or W grain boundary segregation the
grain boundary strength decreases with P grain segre-
gation in the Fe-P-Mn, Fe-P-Mo, or Fe-P-W alloy.

. P grain boundary segregation is not influenced by the

presence of Mn, Mo, or W in the Fe alloy. Mn, Mo, or
W grain boundary segregation occurs simultaneously
with P grain boundary segregation; but Mn, Mo, or W
grain boundary segregation is independent of P grain
boundary segregation.

. In the Fe-P, Fe-P-Mn, Fe-P-Mo, or Fe-P-W alloy, with

300 hours aging treatment, the maximum P, Mo, or
W grain boundary segregation occurs at 500 °C, while
the maximum Mn grain boundary segregation occurs
at 550 °C.

. In the early stages of aging treatment, the grain boundary

segregation rate of Mn, Mo, or W is apparently slower
than that of P in the Fe-P-Mn, Fe-P-Mo, or Fe-P-W alloy.

. With increasing aging time at 500 °C, the grain boundary

strength decreases for the Fe-P and Fe-P-Mn alloys;
but for the Fe-P-Mo and Fe-P-W alloys the grain bound-
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grain boundary segregation in the (a) Fe-P-Mn, (b) Fe-P-Mo, and
Fe-P-W alloys.

ary strength decreases in the early stages of aging and
then increases in the later stages of aging. This anoma-
lous variation in the Fe-P-Mo and Fe-P-W alloys is
caused by the remedial effect of Mo and W on P-induced
grain boundary embrittlement (i.e., the earlier P grain
poundary segregation weakens grain boundaries and then
the subsequent Mo or W grain boundary segregation
strengthens the weakened grain boundaries).

APPENDIX A
List of symbols
Superscript
B boundary region in a grain boundary (see Figure 1)

BM boundary matrix interface region in a grain boundary
(see Figure )

f  final state

F  fiber in a composite material

GB grain boundary which consists of B and BM

i

initial state

I interface region in a composite material
(see Figure Al)

M matrix (see Figures 1 and Al)

T  total system

Nomenclature

A interfacial area

¢ microcrack length

D, distance from the notch root to the region o,
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D, diffusion coefficient of P The terms 6HT and 34" in Eq. [B4] have been calculated o

G  Gibb’s free energy by Stark and Marcus.' For a multi-component system the [

H entllualpy oy of terms 8H” and 8H™ can be expressed as: S,

H,; molar enthalpy of pure element j I _ eusB oM ERCEELSEN

H; partial molar enthalpy of component j 8H" = 6Hx + 8Hx [BS] RS

_ (H; = 8H/8N) _ S 5 e

"H; partial molar mixing enthalpy of component j 8HM = HY aNY' + IEZH/M &y’ (B6) T etay

CH = H, - H) ] K

H* sublimation enthalpy of pure element j per unit area where HY' is the molar enthalpy of the pure solvent 1 in M, B

krz  microcrack stress intensity at fracture H}' is the partial molar enthalpy of the solute j in M, 8N} is RN

! length of the initial dislocation pile-up the change in the number of moles of 1 in M, and 8N} is SRCEAX

N;  number of moles of component j that of j in M. The terms H% and 8H%" in Eq. [BS5] are the e

s interfacial tension enthalpy changes in B and BM, respectively, when B and RN
S  entropy BM are transformed from their initial high energy state to
X,  molar fractional monolayer of component j their final low energy state. This transformation is equiva-
Z  coordination number lent to the system undergoing grain boundary segregation as
vy ideal work of fracture an attempt to obliterate the high grain boundary energy. A
u; chemical potential of component j better understanding of these terms may be obtained from
o. critical local tensile stress the details of the development of Eqgs. [B5] and [B6]

o5, tensile fracture stress presented in Reference 1.

0. nominal bending stress Assuming that each solute atom displaces one solvent

o, tensile yield stress
o5 maximum principal stress

APPENDIX B

The extension of the nonequilibrium model
to Fe-/-A ternary systems

By the definition of the Gibb's free energy (i.e., G =
H — TS), the total Gibb's free energy change during the
grain boundary segregation process can be expressed as:

8G™ = 8HT - T 88T {B1)}

where H™ and S7 are total enthalpy and entropy of the sys-
tem, respectively. Since the configuration entropy does not
contribute to the grain boundary cohesive energy' and the
contribution of the vibrational entropy to the grain bound-
ary cohesive energy is negligible,’ the enthalpy change in
the grain boundary region during the grain boundary segre-
gation process is equivalent to the grain boundary cohesive
energy change associated with grain boundary segregation.

The total enthalpy of the system consisting of the bound-
ary (B), boundary matrix interface (BM), and matrix (M)
regions as shown in Figure 1 can be described as the sum of
the enthalpy of each region since enthalpy is an extensive

atom from B or BM to M when solute atoms segregate from
M to B or BM, we may find that the sum of the changes in
the number of moles of solvent and solutes in M is zero:

BNY + 2 6N =0 [B7]
=2
The above assumption is at least approximately true for a
grain boundary segregation process of the substitutional sol-
utes. Therefore, the following analysis can be applied only
to the substitutional solutes segregating to grain boundaries.
Substituting Eq. [B7] to Eq. [B6], we obtain:

SHM = 2 (HY — HY)oNY (B8]

j=2
By using the partial molar mixing enthalpy term which is
defined as "HY = H)' — HY', Eq. (B8] can be rewritten as:

n

SHY = 3 ("HY + HY - HY)oNY  [BY]

=2
Now, combining Eqgs. [B4], [BS], and [B9], we may obtain
the grain boundary cohesive energy change during grain
boundary segregation for a multicomponent system as:

SH = 8H® + 6H™

» -'l

1\ 2

Al

thermodynamic variable: " o
; HT = H® + HO + HM (B2] = G2+ GH = 2 (Y + HY' — B8N -

/= .

J From Eq. [B2] the total enthalpy change of the system [B10] .

AN during grain boundary segregation can be expressed as the ) . ) LA
._: sum gfgthe enthalp;rzhangge %f each region: P The main purpose of this analysis is to study the effect SR
A ’ o . of alloying elements on impurity-induced grain boundary Ty
o 8H' = 6H” + 8H™ + 6H (B3] embrittiement in Fe alloys. Hence, Eq. [B10] will be applied -
o Here, we are mainly interested in the enthalpy change in to a"gf(')l -A tell')neary system. Pjor an Fe-I-A ternary system, el
g the grain boundary region since this is directly equivalent Eq. [B10] can be rewritten as: R
- to the grain boundary cohesive energy change associated SHS® = 6H® + SH™ \
- with grain boundary segregation. Hence, by rearranging . — ~
- Eq. {B3], we obtain the grain boundary cohesive energy = 8H% + SHY — ("HY + H! ~ H}) 5N} R
_: change associated with grain boundary segregation as: - ("HY + HY ~ HY)5NY - —
- SHO = 5H® + SH™ = §H™ — 8H (B4 (B11] ]
..'. ot '_‘...
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By using Eq. [B11), it is now possible to estimate nu-
merically the effect of alloying elements on impurity-
induced grain boundary embrittlement using the published
thermodynamical data on the molar enthalpies, the partial
molar mixing enthalpies, and the measured grain bound
chemist:z with the proper assumption on the terms 8H3%
and SHYY.

APPENDIX C

The segregation effect on interfacial
cohesion in composite materials

The nonequilibrium model which describes the influence
of grain boundary segregation on the grain boundary cohe-
sive energy can be applied to the interfacial embrittlement
problems associated with impurity interfacial segregation in
continuous fiber metal matrix composite materials. The
nonequilibrium model has been modified for the application
to composite materials* by adopting most of the basic
assumptions used for the development of the nonequilibrium
mode! with some other assumptions which are suitable for
the nature of composite materials.

The total Gibb’s free energy of a multicomponent system
which consists of the matrix (M), interface (7), and fiber (F)
as shown in Figure Al can be given as:

G'= 2. Ek‘,#,w,* + s'A! [C1]
o

where u} is the chemical potential of component j in k
(k =M, I, or F), N} is the number of moles of j in &, s’
is the interfacial tension, and A’ is the interfacial area.
Assuming that F is made of pure element and defining that
the component [ is the solvent in A/, the components 2 (o
n — | are the solutes in M and the component n is the
clement of pure solid F, we may rewrite Eq. [C1] as:

n=1
G’=j=2| ;u}Nf+;LfNﬁ+s'A' (C2]

where q is M or I.

With the following three assumptions: (1) interfacial
segregation takes place at the constant interfacial area,
temperature, and pressure, (2) entropy production during
the interfacial segregation process is negligible, and (3) no
flux occurs between F and M or / during the interfacial
segregation (i.e., w/f = u¥ and Nf = N¥), we may de-
scribe the total Gibb's free energy change associated with
interfacial segregation as:

n-|
56 = 5 S(uNF - wINy) + (7 = 04" [C3]
=9

where superscripts i and f represent the initial and final state,
respectively. Following the derivation of the nonequilibrium

Matrix (M)

Interface (/) s'
Fiber (F)

Interface (/) s!

Matrix (M)

Fig. Al —Model of the interface region in composite materials.
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model,' the enthalpy change in the interface region can be
written as:

8H' = 8HL — HYsNY — j:zzﬁ,“ SNY  [C4)

Since the enthalpy change in the interface region during
interfacial segregation is equivalent to the interfacial cohe-
sive energy change associated with interfacial segregation,
the effect of interfacial segregation on the interfacial cohe-
sive energy in continuous fiber metal matrix composite
materials can be numerically estimated by using Eq. [{C4].
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APPENDIX I

F TEM AND EELS INTERFACIAL STUDIES OF Ti
METAL MATRIX COMPOSITES

~rreve
el
-

- Li-Jiuvan Fu, M. Schmerling, L. Rabenberg .
i and H.L. Marcus o
- Center tor Materials Science and Engineering L
. The University of Texas R
i Austin, TX 78712 o
[ - oo
PT &
Introduction ?iff
' The interface of 11 MMC plays a significant role in the mechanical
[ properties [1-5]. In terms of the fiber, the matrix , the processing
3 ?2 and elements diffused down the interface, extremely complex interfaces
b .

can be established. To establish the chemical and crystallography

of the interface ion thinned specimens were studied using TEM and

EELS. Some TEM results had been reported in the literature [6]

describing the morphology and phases present at the interface.
The results of the TEM/EELS studies are reported here. The
materials analyzed are the Ti-6A1-4V metal matrix composites containing

continuous SiC, B4C/B and Borsic fibers.

Sample Preparation

In order to perform the TEM interfacial analysis, 150-200 pm
transverse sections were cut with a diamond cutting wheel. The
specimen was then glued to a glass slide and thinned with a 9 um
diamond paste on a glass plate followed by 3 um diamond paste for
the final polishing. The sample was approximately 30 um thick and
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was ready for ion beam thinning. It should be noted that diamond

paste on a nylon cloth did not work for the thinning operation.

An Edwards IBT 200 ion beam accessory was used to prepare the

g% TEM specimens. It was found that at the 20° tilting angle (the

- specimen plane with respect to the incident ion beam), the 6 Kev

QZ accelerating ion beam voltage would sputter the Ti metal matrix

i faster than the three kinds of fibers, Fig. la. If the accelerating

=~ vo]tgge was adjusted to 5% Kev, fiber sputtering was observable,

E: Fig. 1b. The large fiber diameter leads to easy breakout from specimen
. surface. Therefore, extreme care must be taken to preserve the

}: composite interface.

Interface TEM Results and Discussion

——

In the as-received Ti/SiC MMC specimens, many phases were present

at the interface. These include Ti0, TiC and Ti0p. The TiC results

are shown in Fig. 2 and the Ti02 in Fig. 3. Following thermal cycling

~—m
e
o e

of the Ti/SiC MMC in the sulfur environments TiS> was found at the

interface. The comparison of d spacing data of TiSp diffraction

(54

pattern with the many other Ti-sulfide compounds showed that the

TiS2 was the main one formed.

Pt
“ .l

In the Ti/B4C/B MMC the compounds Ti0 and TiB2 were found in

PO

the interfaces. This was in samples in the as-received condition.

The TiB2 is shown in Fig. 4.

T
.

|

The interface of Ti/Borsic MMC shows the SiC layer of the borsic
fiber as confirmed by STEM-EELS and TEM (Fig. 5). Near to the Ti

P
«“0ta

matrix there is a thin layer which was indexed as TiC. The EELS

spectrum taken from this region shows Si, C and Ti (Fig. 6). Since
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Ti+SiC will yield TiC+Si thermodynamically, it is probable that

this region contains TiC with Si either dissolved in the TiC or

- possibly as an amorphous oxide. The oxygen could not be identified
|£. in EELS because the 0 edge is very close to the Ti edge.

itf The limited results found here clearly show how complex the

” . interfaces are in the Ti MMC. The chemistry and crystallography

E: will strongly depend on the method of preparation as well as the

I: subsequent thermal and mechanical exposure.
¢
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Fig. 1. Ion beam thinning of Ti MMC. The SEM stereo pairs show that:

(a) After sputtering at 6 Kev the fibers have not been sput- N
. tered sufficiently so they are thicker than the Ti Matrix. TN
l, (b) After adjusting the ion beam accelerating voltage to 5.5 o

Kev, the fibers were about the same thickness as the matrix.
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TiC was found in the interface of as-received Ti/S

Fig. 2.




Fig. 3. Ti02 in Ti/SiC MMC interface.
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b Fig. 4. TiBp was found in the interface of Ti/B4C/B MMC.
: (a) diffraction pattern; (b) bright fveld (c) dark field

L of TiBj.
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ENERGY . (EV)

STEM-EELS spectrum shows that there is a thin TiC interface
layer with a little Si near to the Ti matrix of the Ti/Borsic
MMC.




